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Abstract 
 In 2004, a research partnership between the University of Illinois and CU Aerospace 
demonstrated the first electric discharge pumped oxygen-iodine laser referred to as 
ElectricOIL.  This exciting improvement over the standard oxygen-iodine laser utilizes a gas 
discharge to produce the necessary electronically-excited molecular oxygen, O2(a1), that 
serves as the energy reservoir in the laser system.  Pumped by a near-resonant energy 
transfer, the atomic iodine lases on the I(2P1/2) → I(2P3/2) transition at 1315 nm.  Molecular 
oxygen diluted with helium and a small fraction of nitric oxide flows through a radio-
frequency discharge where O2(a1) and many other excited species are created.  Careful 
investigations to understand the benefits and problems associated with these other states in 
the laser system allowed this team to succeed where other research groups had failed, and 
after the initial demonstration, the ElectricOIL research focus shifted to increasing the 
efficiencies along with the output laser energy.  Among other factors, the laser power scales 
with the flow rate of oxygen in the desired excited state.  Therefore, high yields of O2(a1) 
are desired along with high input oxygen flow rates.  In the early ElectricOIL experiments, 
the pressure in the discharge was approximately 10 Torr, but increased flow rates forced the 
pressure to between 50 and 60 Torr requiring a number of new discharge designs in order to 
produce similar yields of O2(a1) efficiently.  Experiments were conducted with only the 
electric discharge portion of the laser system using emission diagnostics to study the effects 
of changing the discharge geometry, flow residence time, and diluent.  The power carried by 
O2(a1) is the maximum power that could be extracted from the laser, and the results from 
these studies showed approximately 2500 W stored in the O2(a1) state.  Transferring this 
energy into the atomic iodine has been another challenge in ElectricOIL as experiments have 
shown that the iodine is pumped into the excited state slower than is predicted by the known 
kinetics, resulting in reduced output power.  An elementary model is presented that may 
partially explain this problem.  Larger laser resonator volumes are employed to improve 
power extraction by providing more flow time for iodine pumping.  The results presented in 
this work in conjunction with the efforts of others led to ElectricOIL scaling from 200 mW in 
the initial demonstration to nearly 500 W. 
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1. Introduction and Background 
First demonstrated in 2004, the electric discharge oxygen-iodine laser brings together 
the fields of high power gas discharges and high energy chemical lasers to produce an all-gas 
phase energy transfer laser with radiation at 1315 nm.  The name ElectricOIL (Electric 
Oxygen-Iodine Laser) refers to the device created by a team of researchers working together 
at the University of Illinois at Urbana-Champaign and CU Aerospace based in Champaign, 
IL, and this thesis details recent work on the system that has led to substantial increases in the 
laser’s performance and efficiency. 
Similar to the classic chemical oxygen-iodine laser (COIL), this laser transfers energy 
from a molecular electronic state of oxygen at 0.977 eV through a near-resonant reaction to 
pump an iodine atom to the lasing state at 0.943 eV.  In ElectricOIL, the excited oxygen state 
known as O2(a1) [denoted as O2(a) hereafter] is created by electron impact in a gas 
discharge, and if the yield of O2(a) is sufficiently high, then a population inversion of the 
excited iodine state compared to the ground state can be sustained.  The resulting gain allows 
for the possibility of laser power extraction.  The iodine lasing state is I(2P1/2) [denoted as I* 
hereafter], and the ground state is I(2P3/2) [denoted simply as I].  The primary kinetics of the 
ElectricOIL systems are given in Eqns. 1.1 – 1.6.  The electron impact pumping of ground 
state oxygen to O2(a) is shown in Eqn. 1.1. 
 
 e- + O2 → O2(a) + e- (1.1) 
 
Iodine exists naturally as a diatomic molecule so it must be dissociated before it can be 
pumped to the lasing state.  Equations 1.2 – 1.4 show some potential routes for dissociation.  
O2* refers to any excited molecular oxygen species (Eqn. 1.2).  Oxygen atoms are involved in 
a two-step process for dissociation (Eqn. 1.3) or are directly dissociated by electron impact 
(Eqn. 1.4). 
 I2 + O2* → 2 I + O2 (1.2) 
 
 I2 + O → IO + I (1.3a) 
 
 IO + O → I + O2 (1.3b) 
 
 e- + I2 → 2 I + e- (1.4) 
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The energy transfer between O2(a) and I* is temperature dependent, but as temperature 
decreases, the reaction favors energy pumped into I* from O2(a). 
 
 O2(a) + I ↔ O2 + I* (1.5) 
 
The stimulated emission of I* leads to laser radiation at 1315 nm. 
 
 h + I* → I + 2 h (1.6) 
 
In the rest of this section, some history and background of high energy lasers is provided 
along with details of oxygen-iodine laser development.  Specifically, the work leading up to 
the first discharge driven oxygen-iodine laser is discussed, and the ElectricOIL device is 
examined in detail.  Finally, the experimental studies presented in this thesis will be 
introduced. 
 
1.1. Motivation, Background, and Uses for High Energy Lasers 
First published by Einstein in 1916 [1.1], the concept of stimulated emission provided 
the basic idea for the eventual demonstration and development of the laser (light 
amplification by stimulated emission of radiation) although the term laser was not coined 
until Gould in 1959 [1.2].  By the 1950s, the areas of optics and electromagnetic fields had 
merged into the concept of quantum electronics, and Einstein’s concept could finally be 
employed to create a useful device.  Masers (microwave amplification by stimulated 
emission of radiation) were first demonstrated by Townes in the United States [1.3] and 
nearly simultaneously by Basov and Prokhorov in Russia [1.4].   In 1958, Schawlow and 
Townes proposed the idea of infrared and optical masers [1.5].  The first to demonstrate such 
a device, Maiman created a pulsed ruby laser in 1960 [1.6].  Later that same year, a 
continuous wave (CW) laser was created using a He-Ne gas mixture [1.7].  The decades 
following those first demonstrations saw dramatic evolutions in all aspects of laser design 
from physical size to available wavelengths to output power.  Although sufficient technology 
did not exist at the time, military lasers were suggested as a defensive weapon against 
ballistic missiles in the 1980s.  In order to damage a target at a great distance, a laser must 
have good beam quality, high average power (or high energy), and a wavelength that is as 
short as possible to maximize the brightness.  These features would also produce a good 
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commercial cutting laser.  Most chemical lasers have good beam quality due to the spatial 
uniformity of the gain media, and the other required characteristics are discussed in the 
following section.   
 The specific category of high energy lasers began in 1964 with the development of 
the carbon dioxide (CO2) gas discharge laser.  The laser operates at 10.6 m from an electric 
discharge in a mixture of N2-CO2-He [1.8] and can provide power levels of greater than 25 
kilowatts (kW).  The same CO2 lasing reaction can be exploited to produce even higher laser 
powers in a gas dynamic laser which was first suggested by Basov et al. [1.9] and first 
demonstrated by Fein et al. [1.10].  In this laser, the N2-CO2 mixture is thermally heated to 
produce the vibrationally excited states which are then expanded supersonically to produce 
the laser.  The gas dynamic CO2 laser was the first high energy laser to produce CW power 
levels in the range of 100s of kW, and these lasers successfully shot down missiles from an 
airborne platform [1.11].  Gas dynamic lasers have good beam quality, but their 10.6 m 
wavelength limits how tightly the beam can be focused, and the wavelength does not transmit 
through fiber optics so their usefulness as a weapon is limited [1.12].  For those reasons, 
research has shifted focus to shorter wavelength lasers.  The discharge driven carbon 
monoxide (CO) laser was demonstrated at about the same time as the discharge driven CO2 
laser in 1964 [1.13].  This laser operates on vibrational-vibrational (v-v) energy exchanges 
between CO molecules leading to a range of possible laser wavelengths.  On the fundamental 
(v=1) transition, lasing occurs between 4.7 and 8.2 m, and on the first overtone (v=2) 
transition lasing occurs between 2.5 and 4.2 m [1.14].  CO lasers have also achieved power 
levels greater than 100 kW.  Further high energy lasers developed were the hydrogen-
fluoride (HF) and deuterium fluoride (DF) chemical lasers.  Like the CO discharge lasers, 
these devices can operate on a range of transitions, and the first CW demonstration of an HF 
laser occurred in 1969 by Spencer et al. [1.15].  The fundamental transition lasing occurs 
between 2.5 and 3.2 m for HF and between 3.5 and 4.2 m for DF.  An even more 
appealing wavelength range between 1.34 and 1.40 m was demonstrated using the HF 
overtone transition by Jeffers in 1989 [1.16].  HF/DF laser programs have resulted in 
numerous demonstrations of multi-100 kW and megawatt (MW)-class systems [1.12], and 
one DF system almost became an actual deployable military device.  The Mobile Tactical 
High Energy Laser was designed for the Army to protect against incoming rockets, artillery, 
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and mortars.  Despite successfully shooting down salvos of incoming rockets, the program 
was terminated in 2006. 
 The most recently developed high energy gas laser, the chemical oxygen-iodine laser 
(COIL), has produced significant output power since the first demonstration by McDermott 
in 1978 [1.17].  COIL operates on the atomic iodine transition discussed at the beginning of 
this section resulting in a 1.3 m laser.  The lasing state I* is produced by a near resonant 
energy transfer with the singlet oxygen metastable state, O2(a).  A basic schematic of a COIL 
system is shown in Fig. 1.1.  Produced from a chemical reaction between liquid basic 
hydrogen peroxide and chlorine gas, the O2(a) travels downstream from the generator where 
it mixes with iodine vapor and then expands supersonically into the lasing region.  The 
necessary population inversion occurs as the gas temperature drops in the supersonic nozzle.  
Davis et al. provide an excellent overview of COIL technology and development [1.18]. 
 
 
Figure 1.1:  Schematic of basic COIL elements. 
 
Numerous improvements have led to the high power COILs currently in operation, 
and the technology has been scaled to the order of a megawatt.  A high power COIL system 
has been integrated into a Boeing 747-400F to create the Airborne Laser program (ABL) 
[1.19].  The mission of the ABL is to detect, track, target, and destroy ballistic missiles 
shortly after launch, during the boost phase.  The COIL beam is focused on a pressurized 
area of the boosting missile long enough for the concentrated beam energy to cause a 
structural failure [1.19].  In the most impressive COIL technology demonstration to date, the 
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ABL successfully shot down a ballistic missile during its boost phase [1.20].  The initial 
grand goal of producing a fleet of ABLs has been scaled back, but the ABL continues to exist 
under the new name, the Airborne Laser Test Bed (ALTB).  The Advanced Tactical Laser 
(ATL) program also utilizes a COIL as its primary laser, and its kW-class laser has been 
integrated into a C-130H cargo aircraft [1.21].  ATL demonstrated the ability to penetrate the 
hood of a moving truck [1.20].  In contrast to the ABL, which is designed for long-range, 
high-power missions and vents its laser-system exhaust to the atmosphere, the ATL traps and 
reprocesses the exhaust [1.21].  The ATL platform can operate at lower altitudes and use the 
reprocessed exhaust for more firings than the ABL [1.21].  COILs may also have uses in 
commercial applications due to their scalability and fiber-deliverable wavelength [1.22].  
Some industrial applications include shipbuilding, automotive manufacturing, under-water 
cutting, and cutting tasks associated with decommissioning and decontaminating nuclear 
facilities [1.22]. 
For tactical operations, COIL has several advantages over its closest high energy laser 
competitor.  Operation at near-infrared wavelengths allows for better beam propagation in 
turbulent atmospheric conditions and is less detrimental to the human eye [1.23].  The 
fundamental lasing range of wavelengths for HF (around 2.7 m) propagates poorly through 
the atmosphere although the fundamental lasing for DF (around 3.8 m) does not have that 
problem.  However, the shorter laser wavelength of COIL (1.3 m) offers higher power per 
mass of reagents and reduced beam divergence due to diffraction [1.24].  Lasing on the HF 
first overtone transition (1.4 m) provides a similar wavelength to COIL, but comparing the 
gain of the two devices still makes COIL more appealing as a high energy system.  An HF 
laser has a gain around 10 to 20 %/cm due to the distribution of vibrational states which is 
much higher than the COIL gain of around 1%/cm [1.25].  The low gain of COILs can be 
attributed to the near-resonant behavior of the pumping reaction of I* by O2(a) which 
continuously sustains the iodine population inversion at a relatively low value.  Therefore 
COILs operate closer to the lasing threshold where optical losses have larger influence on 
efficiency.  However, in high gain systems such as HF, the length of the optical cavity is 
limited, and this situation leads to amplified spontaneous emission, poor beam quality, and 
poor coherence properties [1.24].  COILs are able to employ longer gain media and utilize 
greater geometrical scaling for high power performance [1.24].  Thus, the COIL has desirable 
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wavelength and efficiency characteristics, and it exhibits good beam quality and scalability, 
making it an excellent choice for airborne tactical operations compared to its competitors 
[1.19, 1.21]. 
 Nevertheless, COIL still has room for improvement.  A number of logistical concerns 
remain related primarily to the heavy aqueous fuels required and the heat generated when the 
weapon is fired [1.23].  Although chemical lasers such as COIL have thermal management 
advantages over other high energy lasers such as solid-state or high-power microwave 
devices, the logistics of chemicals as the stored energy reservoir create a major disadvantage 
[1.26].  The solution to these logistical issues might be a high energy laser system which 
maintains the relatively advantageous thermal properties of chemical lasers, but eliminates 
the use of bulky, hazardous, liquid chemical fuels. 
 
1.2. Discharge Driven Oxygen-Iodine Lasers 
One option for improving the classic COIL device is generating the required O2(a) in 
a gas discharge rather than the heavy chemical oxygen production scheme.  The first 
successful demonstration of gain and lasing in this version of the laser were made by Carroll 
et al. in 2004 and 2005, respectively.  Referred to as ElectricOIL, this system, which creates 
O2(a) in a flowing radio-frequency (RF) electric discharge, produced a gain of 0.002 %/cm 
and laser power of 205 mW in those first demonstrations [1.27, 1.28, 1.29].  The discharge 
contains a gaseous mixture of oxygen, helium, and nitric oxide (NO).  Trace amounts of NO 
in the discharge suppress oxygen atom production which is advantageous because oxygen 
atoms quench the desired O2(a) and I* states.  Downstream of the discharge, molecular iodine 
is injected and then dissociated by excited oxygen states produced in the discharge.  The 
atomic iodine is then excited to the lasing state by the O2(a), and as in classic COIL, a 
supersonic expansion lowers the temperature in order to shift the equilibrium between O2(a) 
and I* in favor of I* production.  Other devices of this type are sometimes referred to as EOIL 
or DOIL (for Electric or Discharge Oxygen-Iodine Laser) in the literature. 
Ionin published an in-depth topical review of singlet oxygen production in low-
temperature plasma, which documents the efforts of numerous groups studying oxygen 
discharges applicable to DOIL technology [1.30].  Several of these works are discussed as 
they produced the background necessary for the eventual creation of this type of oxygen-
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iodine laser.  Zalesskii published the concept of a discharge driven oxygen-iodine laser in 
1973, before the first classic COIL had been demonstrated [1.31].  He envisioned a pulsed 
DC discharge in an oxygen and iodine vapor with high-reflectivity mirrors at both ends of the 
discharge tube.  Despite detailed modeling of the system, Zalesskii’s experiment did not 
produce gain or laser power.  He observed the iodine absorption disappear to optical 
transparency during the discharge pulses, but gain was not achieved [1.31].  The 
experimental setup utilized by Zalesskii contained only one diagnostic, the CF3I 
photodissociation laser used to measure the iodine absorption, so he was unable to monitor 
any other excited species that were created during the discharge pulses [1.31].  With better 
diagnostics, he might have been able to determine why the system could not get beyond 
optical transparency.  In 1980, Fournier et al. analyzed and tested a flowing electron-beam 
sustained electric discharge COIL.  Modeling of the system using electron impact kinetics in 
O2-noble gas mixtures was performed using a Boltzmann code [1.32].  In this modeling, a 
population inversion was not achieved, but I* was sustained downstream of the mixing of I2 
into the discharge effluent containing O2(a) [1.32].  However, they postulated that with a 
supersonic expansion the lower temperature might be sufficient to produce the desired 
population inversion.  The experiments that go along with these modeling results were 
unfortunately inconclusive.  In gas mixtures of oxygen and argon or oxygen and neon, 
current instabilities occurred, and no information about O2(a) or I* production was obtained 
[1.32].  Despite their experimental shortcomings, Zalesskii and Fournier introduced some of 
the relevant kinetic theory necessary to produce an oxygen-iodine laser using O2(a) produced 
in an electric discharge. 
 Prior to the ElectriOIL demonstration, many other research groups successfully 
produced O2(a) in electric discharges although those that tried were unable to attain a 
population inversion in iodine.  For reference, the threshold for lasing, based on the 
equilibrium reaction shown in Eqn. 5, is approximately 15% O2(a) yield at room temperature 
and 5% at 160 K.  In 1978, Benard and Pchelkin reported 11% O2(a) yield using a 
microwave discharge [1.33].  Fujii reported a yield of 17% with a radio-frequency (RF) 
discharge in 1994 [1.34].  A few years later, researchers from Fujisaki Electric showed 
evidence of 21% O2(a) yield using a microwave discharge [1.35].  In 2000 and 2001 
respectively, Hill reported 16% yield with a controlled-avalanche discharge [1.36], and 
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Schmiedberger reported 32% yield at low-pressure (0.43 Torr) using an RF discharge [1.37].  
In early work, the UIUC/CUA group (Verdeyen [1.38]) reported an O2(a) yield of 
approximately 16% in flowing RF discharge experiments at a pressure of 2 Torr. 
 With this knowledge and the many lessons learned during the years of classic COIL 
development, the principal ideas existed for attaining a population inversion in iodine using 
electric discharge created O2(a), and since the initial demonstration in 2005 by the 
ElectricOIL team, several other research groups have created similar discharge driven 
oxygen-iodine laser devices.  Hicks et al. have demonstrated a DOIL similar to ElectricOIL 
using a pulsed discharge technique [1.39], while Rawlins and Davis have measured positive 
gain in both subsonic and supersonic flow systems using microwave discharges [1.40].  
Other groups have developed different DOIL technology, including work at the Air Force 
Research Laboratory led by Hill [1.41] and by groups in Russia at Moscow State University 
(Braginskiy [1.42]) and the Lebedev Physical Institute (Ionin [1.43]). 
 
1.3. The ElectricOIL Device 
The discharge driven oxygen-iodine laser created by the research team consisting of 
the University of Illinois and CU Aerospace, referred to as ElecriCOIL, can be seen in 
schematic view in Fig. 1.2. 
 
Figure 1.2:  Schematic of basic ElectricOIL elements. 
 
The system in the figure illustrates the gas flowing from left to right with a mixture of 
oxygen, helium, and nitric oxide first entering the RF discharge chamber.  Many oxygen 
species are created by electron impact in the discharge and by interactions between those 
species both in the discharge and downstream of it.  The most important discharge product is 
the O2(a) which, along with the rest of the gases, flows next into a heat exchanger.  Aside 
from creating molecular and atomic species, the discharge also substantially increases the 
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temperature of the gas flow, and several steps are taken to reduce the temperature to favor the 
energy transfer from O2(a) to I* (Eqn. 1.5).  Injected in a gas mixing region downstream of 
the heat exchanger, molecular iodine is dissociated by a combination of O2(a), O2(b1) 
[electronic state at 1.63 eV denoted as O2(b)], and oxygen atoms.  The iodine atoms can then 
be pumped by the near-resonant energy transfer with O2(a) to the desired I* state.  The flow is 
then further cooled and mixed by the injection of chilled nitrogen diluent and then expanded 
through a supersonic nozzle to approximately Mach 2 which further decreases the 
temperature.  After the expansion, the flow enters an optical cavity containing high-
reflectivity mirrors, and with all the systems operating properly to produce positive gain, 
1315 nm photons are emitted.  After the resonator, the gas decelerates through a diffuser to 
increase the pressure before entering a series of vacuum pumps. 
 The work leading to ElectricOIL’s creation by Carroll et al. [1.27, 1.28, 1.29] focused 
on two areas where this device differed significantly from classic COIL.  The lower yield of 
O2(a) created in the discharge compared to the chemical production scheme created some 
challenges, and the increased number of species downstream of the discharge introduced 
many unfamiliar reactions into the chemistry of the laser.  With less O2(a) available, 
temperature control through the use of a heat exchanger, cooled diluent, and supersonic 
expansion was critical to shifting the equilibrium of the pumping reaction in favor of I*.  
Furthermore, in the traditional version of the laser, the iodine is dissociated by a reaction 
with O2(a), but with lower O2(a) yields available this use of the crucial oxygen species is not 
desirable.  As mentioned previously, the electric discharge produces many species other than 
O2(a), and understanding the reactions with those species proved to be critical for 
ElectricOIL.  Oxygen atoms play both a positive and negative role in the kinetics 
downstream of the discharge.  While oxygen atoms directly quench both O2(a) and I*, they 
also form ozone downstream of the discharge which rapidly quenches O2(a).  However, they 
can play a role in dissociating I2 which is extremely desirable in a system where O2(a) must 
be conserved to pump the iodine once it has been dissociated.  These requirements make 
tailoring the quantity of oxygen atoms in the system extremely important.  Nitric oxide 
provides some level of that desired control.  Through a two-step process, it removes oxygen 
atoms from the post-discharge flow allowing enough atoms to remain in the flow to aid in 
iodine dissociation while minimizing the atomic oxygen quenching effects.  Understanding 
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these differences between classic COIL and discharge driven COIL has led to the success of 
the ElectricOIL team. 
After the initial success with ElectricOIL, the focus turned to increasing the O2(a) 
production efficiency and adding to the overall power carried by O2(a) in the flow.  Initially, 
the concept made use of a large-gap (25.4 cm) longitudinal, radio-frequency discharge [1.27, 
1.28, 1.29], and this device worked best at low discharge pressures (1-20 Torr).  However, 
increasing the O2(a) flow significantly requires increasing the total flow rate, and 
subsequently the pressure must increase as well.  At higher pressure, the large-gap 
longitudinal concept was prone to thermal arcing which decreases O2(a) pumping.  These 
high temperature and high current arcs formed between the electrodes resulting in severely 
non-uniform discharges.  A variety of other discharge configurations were investigated 
including microwave-induced, inductive RF, transverse-capacitive RF, and pulser-sustainer 
concepts.  All of these concepts were shown to produce sufficient O2(a) for laser power 
extraction in ElectricOIL [1.27, 1.28, 1.29, 1.39, 1.40, 1.44], but the transverse-capacitive RF 
discharge proved to be the most robust system and the easiest to adapt for high pressure 
operation which is required for high power laser operation [1.42, 1.45, 1.46]. 
With this discharge chosen as the most suitable discharge configuration for 
ElectricOIL development, a detailed configuration study of the influence of various discharge 
parameters on O2(a) production was conducted.  The parameters that proved important in 
optimizing O2(a) production were operating pressure, transverse electrode gap, discharge 
flow length (or flow residence time), and RF excitation frequency.  The key result of these 
studies showed that in order to achieve efficient O2(a) production, a uniform (homogeneous), 
normal-mode glow discharge must be maintained [1.45].  In the normal-mode glow 
discharge, a low current density is maintained, and as more power is applied to the discharge, 
the volume of plasma in the tube between the electrodes increases proportionally, 
maintaining a similar current density for increased power deposition while voltage remains 
approximately constant.  If the plasma fills the volume between the electrodes and is 
confined as the input power increases, the discharge is then forced into an abnormal mode in 
which the plasma voltage and current density rise in unison.  This simple transition from a 
normal to an abnormal mode can severely decrease the O2(a) production efficiency.  
However, the onset of this transition can be delayed by careful selection of the critical 
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transverse discharge parameters mentioned previously.  Additionally for a given discharge 
geometry and input power, the discharge constricts from the normal-mode to a high current 
density discharge as the pressure increases.  This situation can be avoided by proper selection 
of the frequency and electrode gap.  A considerably more detailed discussion of the discharge 
mode transitions is provided in Zimmerman’s dissertation [1.47].  Understanding these 
discharge parameters has been vital to designing the discharges that have powered 
ElectricOIL’s O2(a) production as the system evolved over the last few years. 
Since the first ElectricOIL demonstration, the device has rapidly grown, and 
improvements in all aspects of the system have resulted in an impressive scaling 
accomplishment.  Currently, the peak measured gain is 0.3 %/cm [1.48], 150 times that of the 
first demonstration, and the maximum output laser power is approximately 500 W [1.49].  
The engineering investigations that have led to these improvements involved:  (i) diagnostic 
development and utilization, (ii) discharge geometry studies and optimization, (iii) studies of 
system kinetics, (iv) discharge scaling for high O2(a) flow rates, (v) heat-exchanger 
development, and (vi) laser power extraction analysis.  Geometry and materials studies for 
the discharge and its electrodes as well as investigations into discharge types and diluents led 
to the discharge utilized in the current ElectricOIL system, and these aspects will be the focus 
of this thesis.  Additionally, the problem of slower-than-expected gain recovery in 
ElectricOIL will be discussed along with some aspects of the laser resonator designs that 
have produced the high power results.  Detailed investigations regarding diagnostic 
development for the discharge and the species produced in the discharge with an emphasis on 
oxygen atoms has been presented in a preceding thesis [1.47].  Heat exchanger technology 
and iodine dissociation will be the focus of proceeding work by other members of the 
ElectricOIL team. 
 
1.4. Thesis Overview 
The remainder of this document will discuss the ElectricOIL experimental setup for 
both discharge evaluation experiments and complete laser extraction experiments as well as 
many of the tools available for diagnosing the products of the discharge and the gain 
medium.  Emission diagnostics provide the yield of O2(a), O2(b), and oxygen atoms as well 
as the temperature of the gas.  Several absorption diagnostics have been developed for use in 
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this system, and they provide information regarding ozone density, molecular iodine density, 
and the gain on the atomic iodine transition of interest.  A discharge suitable for scaling had 
to be addressed in detail, and previous work summarized in reference 1.47 suggested that a 
capacitively-coupled RF discharge with transverse electrodes should be employed.  However, 
the electrode gap and length, discharge materials, and discharge orientation (rectangular vs. 
circular cross-section) still required investigation.  Beyond measuring the necessary O2(a), 
detailed measurements were performed to determine if ozone could be a significant player in 
the kinetics downstream of the discharge.  The effect of various diluents in the discharge 
including helium and nitrogen on O2(a) production was measured.  Experiments to further the 
understanding of an unknown reaction leading to slower-than-expected gain recovery in the 
ElectricOIL optical cavity were conducted as well.  A simple model is presented to explain a 
possible cause for the gain recovery problem.  Finally, some results from a system intended 
to maximize laser power with increased gain length and larger resonator volume will be 
discussed.  A summary of the important results and some recommendations for future work 
conclude the document. 
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2. Experimental Setup and Diagnostics 
All of the ElectricOIL experiments have been performed in the High Energy Laser 
Laboratory which is part of the Department of Aerospace Engineering at the University of 
Illinois.  This laboratory provides the capability to perform many types of experiments with 
several workstations connected to a central vacuum system.  The custom built hardware and 
critical diagnostics will be described in detail in this section after a brief discussion of the 
off-the-shelf components necessary to execute the experiments. 
 
2.1. General laboratory hardware 
Reliable measurements of flow rate are essential for repeatable experiments and must 
be performed for all the gas flows into the system.  Micro-Motion CFM and Omega FMA 
series flow meters accomplish this goal.  The pressure must also be known throughout the 
system to calculate excited species yields and to confirm proper nozzle operation during the 
gain and laser experiments.  Capacitance manometers produced by MKS and Leybold 
provide these measurements.  Although the gas flow temperature cannot be determined using 
Omega thermocouples, they are utilized extensively for monitoring temperature sensitive 
components.  With a few exceptions that will be noted when presented, all the discharge 
experiments were conducted at 13.56 MHz using power supplies produced by ENI.  Both the 
OEM-25 and OEM-50 models provided RF power, and measurements of the electrical power 
were made using Bird Thruline model 43 Wattmeters with plug-in elements for various 
power ranges.  The matching networks that couple the RF power into the discharges were 
custom built for use with ElectricOIL, and details of that design can be found in Zimmerman 
[2.1].  A custom heat exchanger reduces the temperature of the gases leaving the discharge 
chamber [2.2, 2.3].  This heat exchanger is cooled using Syltherm XLT heat transfer fluid 
which is cooled using liquid nitrogen.  Laser power measurements were made using both an 
Ophir 5 kW sensor (P/N 1Z02119) interfaced with an Ophir AN/2 laser power meter (P/N 
1Z01400) and a Scientech Ultra model UC150HD40 interfaced to a Scientech Vector model 
S310 readout.  Laser mirrors were purchased from AT Films, Los Gatos Research, and CVI 
Melles Griot for the laser power extraction tests. 
The vacuum system at the High Energy Laser has been substantially upgraded during 
the process of scaling ElectricOIL to higher output laser powers.  Larger gas flow rates were 
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required, so several new (to the facility) pumps were installed to increase the capacity.  
Experiments with Cav6 and all earlier versions of ElectricOIL utilized a system with two 
Roots type blowers in series backed by one large rotary pump.  For Cav7’s increased gain 
length, the pumping system grew to four Roots type blowers in series backed by two large 
rotary pumps in parallel.  These “Cav” versions of ElectricOIL will be discussed in Section 
2.5. 
   
2.2. Emission diagnostics 
Many molecular and atomic species that are found in the ElectricOIL system can be 
monitored using emission spectroscopy at various locations in the system.  Depending on the 
goal of the experiment and the hardware configuration, measurements with different devices 
can be made within the discharge, in the discharge effluent, in the iodine injection/mixing 
zone, or in the laser cavity region.  Knowledge of lifetimes of these species or their 
interactions with other species, and the optical setup of the diagnostic used to interrogate the 
flow relate the measured radiation from a particular atom or molecule to its concentration. 
2.2.1. Optical Multi-channel Analyzer (OMA) for O2(a) 
Near-infrared measurements of the emission from O2(a) at 1268 nm, I* at 1315 nm, 
and NO(C) at 1224 nm can be performed using a Princeton Instruments/Acton Optical Multi-
channel Analyzers (OMA).  The measurements described in this work utilize an OMA with a 
liquid nitrogen cooled, linear 1024-element InGaAs array.  The OMA is coupled to a 0.3 m 
focal length spectrometer with two, turret-mounted gratings each blazed at 1.2 m.  One has 
600 g/mm, and the other has 1200 g/mm.  This diagnostic is fiber-coupled to the experiment 
using ThorLabs 600 m multimode fibers that are 5 m long.  Some experiments were 
performed by collecting light with the bare end of the fiber, but most of the O2(a) emission 
measurements were conducted with the addition of a ThorLabs F810SMA-1310 collimator to 
the end of the fiber. 
The density of O2(a) produced in the discharge is a critical measurement as it 
determines how efficiently the discharge delivers power into O2(a) which serves as the 
energy reservoir in the system.  The OMA provides this data, and many experiments focused 
only on the production of O2(a) in the discharge without running a full reacting flow laser 
test.  The spectra collected by the OMA allowed the integration of the O2(a) emission signal 
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centered at 1268 nm, and this integral is directly proportional to the density of O2(a).  
Software provided with the OMA, WinSpec32, acquires the data from the camera which can 
then be exported to a spreadsheet program for further manipulation [2.4].  The integration of 
the signal is straightforward except in some cases where a broadband background glow must 
be removed.  During experiments which involve NO mixed with the primary discharge gases, 
a background airglow due to the recombination of O and NO to form NO2* must be removed.  
This broadband glow emits from the UV to the IR but fortunately has a relatively linear 
behavior in the region around the O2(a) emission.  This background can be removed in an 
automated fashion by writing a macro in the spreadsheet program to produce an integral 
proportional to the density [2.5].  Figure 2.1 illustrates the O2(a) emission for a case with the 
NO in the discharge resulting in the airglow and a case with only helium and oxygen in the 
discharge. 
 
Figure 2.1:  Raw OMA signal intensity vs. wavelength with and without NO in the 
discharge.  The broadband NO2* emission must be subtracted from the O2(a) emission 
in order to calibration the signal to the density of O2(a). 
 
Determining the integral of the emission is only the first step to knowing the density 
of the O2(a).  A calibration must be determined to correlate the integral to the density, and the 
temperature and pressure must be known to then relate the density to the percentage yield.  
Two options are available for finding the calibration factor for a give instrument.  In the first 
case (absolute intensity calibration), the collection/detector system used to measure O2(a) 
emission is compared to a broadband lamp of known spectral irradiance (W/nm/steradian).  
The light collected by the detector viewing this source is compared with the light collected in 
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the flow volume giving a relative spectral irradiance of the flow volume due to the species of 
interest.  This data are related to the species density.  In the second case (the O2(a)-I* 
equilibrium method), the O2(a) density is determined by measurement of gain ([I*]-0.5[I]), I2 
flow rate, I2 dissociation fraction, and temperature using the equilibrium rate between O2(a) 
and I* based on Eqn. 1.5 [2.6].  If the temperature is known, and equilibrium can be assumed, 
then [O2 (a)]/[O2(X)] can be determined.  An experiment was configured to make all of these 
measurements in the same location providing a known yield of O2(a) to the OMA [2.7].  The 
proportionality constant could then be determined by dividing the known density by the 
emission integral.  This second method was applied for the studies discussed in this thesis. 
Figure 2.1 shows the complicated structure of the O2(a) emission signal.  The 
distribution of energy throughout the spectra is temperature dependent and can be modeled.  
Day’s thesis explains this process in detail, but the flow temperature can be determined based 
on the ratio of intensities of the various lines in the spectra [2.2]. 
2.2.2. Apogee E47 CCD Camera for O2(b) 
Another emission measurement diagnostic for use in the infrared just beyond the 
visible is the Apogee E47 CCD camera.  Coupled to a Roper Scientific/Acton Research 150-
mm spectrometer with a 1200 g/mm grating blazed at 750 nm, the camera can measure the 
emission of O2(b) at 762 nm as well as the emissions of excited atomic oxygen at 777 nm and 
excited argon at 750.4 and 751.5 nm which are used in the argon actinometry technique to 
determine oxygen atom concentration.  Like the OMA, this CCD camera is fiber-coupled to 
the experiment using ThorLabs 600 m multimode fibers that are 5 m long.  Generally, the 
radiation was collected using the bare end of the fiber.   
While the density of O2(b) is proportional to the integral of the spectra collected by 
the CCD camera, this diagnostic’s primary purpose was not the study of O2(b) density.  
During most experiments, the density was monitored in a qualitative sense, but a calibration 
was not performed to directly correlate the emission integral to density.  The O2(b) spectra 
provided the flow temperature of the gases downstream of the discharge, as conventional 
methods for temperature determination such as thermocouples do not provide accurate 
measurements in this reacting flow.  A spectroscopic technique must be utilized, and the 
O2(b) spectra is more intense and less complex than that of O2(a).  The branches of O2(a) fall 
on top of one another in the spectra making accurate temperature determination difficult.  
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Only recently, sufficient effort was dedicated to determining the temperature from O2(a).  
Figure 2.2 shows the emission from O2(b) and illustrates that the two branches of the 
emission do not overlap. 
 
Figure 2.2:  Raw CCD signal intensity vs. wavelength at two different flow 
temperatures.  The two branches of the O2(a) emission do not overlap in wavelength. 
 
Since the two branches do not interfere with each other, and the P branch on the right 
is well resolved, a simple expression can be used to determine the temperature.  Equation 2.1 
shows the generic expression, and the simplified expression for using the peaks with 
rotational quantum numbers J1 = 6 and J2 = 16 [2.8]. 
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The rotational constant for oxygen is B = 1.391 cm-1, CR = 0.955 is a constant which 
accounts for the resolution of the spectra, and Ix is the intensity of the emission 
corresponding to quantum number Jx [2.9].  This method for temperature determination is 
generally considered to be sufficient for ElectricOIL measurements, but detailed computer 
modeling of the spectra of O2(b) has been performed.  The flow temperature can also be 
found using this model that includes the relative intensities of all the peaks in the P branch of 
the transitions.  The details of how the O2(b) spectra changes with temperature are shown in 
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Fig. 2.3 [2.9].  At low temperatures, the peaks at the low wavelength side of the P branch 
dominate the spectra, but as the temperature increases, the energy becomes more evenly 
distributed between all the transitions. 
 
 
Figure 2.3:  Modeling result of intensity of the Q branch of the O2(b) emission vs. 
temperature and wavelength. 
 
2.2.3. Photo-Multiplier Tube (PMT) for Oxygen Atoms 
Measurement of the broadband emission due to O-NO recombination has been used 
in ElectricOIL to determine the concentration of oxygen atoms produced in the discharge.  
The addition of NO to the discharge can be used to control the concentration of oxygen 
atoms, but in that process, a method for determining the number of oxygen atom arises.  
Equations 2.2 – 2.4 show the basic NO recycling process that provides both of those 
functions. 
 O + NO → NO2* (2.2) 
 
 NO2* → NO2 + h (2.3) 
 
 O + NO2 → O2 + NO (2.4) 
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The broadband emission from NO2* is the airglow emission referred to in the previous 
section, and it peaks around 580 nm.  In the ElectricOIL system, this broadband glow was 
monitored at its peak using a Hamamatsu R955 photo-multiplier tube (PMT) filtered at 580 
nm.  The emission can be detected using other devices, but the PMT provided flexibility and 
convenience for ElectricOIL.  As with most emission diagnostics, the signal from the PMT 
must be calibrated to provide a meaningful measurement, and two techniques exist to provide 
that calibration.  Zimmerman discusses oxygen atom diagnostic development for ElectricOIL 
in detail while this work simply applies those diagnostics [2.1].  The two different O-NO 
airglow techniques which have been applied to measure atoms are the Kaufman NO2 titration 
technique [2.10], and the Piper airglow intensity calibration technique [2.11].  The Kaufman 
method is susceptible to errors in mixing flows that are reasonably high speed [2.12], but 
they can be corrected through detailed modeling.  The oxygen atom measurements presented 
in subsequent chapters were calibrated using the Piper method, so it is summarized here. 
 The intensity of the measurement provided by the PMT is expressed in Eqn. 2.5. 
 
      NOOTkI AGNO *2  (2.5) 
 
The concentration of NO added to the system is known, and the density of oxygen atoms is 
the desired output.  The only unknown is the temperature dependent rate which is also third 
body dependent.  Zimmerman showed that this rate for the ElectricOIL system should have a 
temperature dependence of T -1.5 [2.1].  Other work with similar systems utilized similar rates 
[2.13, 2.14].  With the rate’s temperature dependence established, an experiment was 
conducted to determine the value of kAG by NO titration of nitrogen atoms created in an 
N2/Ar discharge [2.15].  The nitrogen atoms dissociate the NO producing a known flow rate 
of oxygen atoms which can be used to determine kAG.  This description greatly simplifies the 
process, and the calibration is described in detail by Zimmerman [2.1].  One critical 
assumption necessary for the use of this diagnostic is that the NO flowing through the 
discharge is not dissociated.  This assumption is made considering the dissociation level of 
NO (5.3 eV) is high, and quick recombination occurs downstream of the discharge.  No 
airglow measurements were made in an active discharge.  If the NO is partially dissociated in 
the discharge effluent, then the actual oxygen atom densities are higher than those 
determined.  Specific work has not been performed to determine if there is significant NO 
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dissociation, but excited nitrogen atoms downstream of the discharge (for instance the atomic 
nitrogen line at 1247 nm which would be visible near the O2(a) spectra) are not observed.  
Furthermore, modeling of the discharge with BLAZE-IV indicates that the NO dissociation is 
negligible [2.16].  If the same calibrated viewing volume is used to analyze output from an 
ElectricOIL discharge which contains a known flow rate of NO and the temperature is known 
from the O2(b) spectra, then this easy to implement technique produces consistent results. 
 
2.3. Absorption diagnostics 
Absorption spectroscopy is used in ElectricOIL to measure the densities of I2 and O3 
and to measure the gain proportional to [I*]-0.5[I].  All of these absorption diagnostics were 
developed by Physical Sciences, Inc. (PSI) in Andover, MA, specifically for use with COIL 
and ElectricOIL devices.  The aspects of these diagnostics and their application to 
ElectricOIL are described here. 
2.3.1. I2 and O3 Absorption Diagnostics 
Two high-sensitivity beam absorption diagnostics were developed by PSI to measure 
the density of molecular iodine and ozone [2.17].  Both diagnostics operate on the basic 
principle of Beer’s law, Eqn. 2.6. 
 
    
L
IINorLNII oo 
/ln
exp   (2.6) 
 
N is the density of the absorber, σ is the absorption cross-section, L is the path-length of the 
absorbed beam, and Io is the beam intensity without the absorber while I is the intensity with 
the absorber in the beam.  In order to remove noise from the light sources and reduce long-
term signal drift due to thermal effects, the PSI diagnostics monitor a reference beam which 
is split off from the primary beam before it passes through the absorber volume.  Therefore, 
the values used for I and Io are actually the ratio of the intensity of the beam through the 
absorption chamber to the intensity of the reference with and without the absorber present in 
the chamber, respectively.  The ozone diagnostic uses collimated light from a mercury pen 
lamp filtered at 254 nm while the iodine diagnostic uses collimated light from a blue light 
emitting diode filtered at 488 nm.  The absorption cross-sections for I2 and O3 at these 
wavelengths are 1.63 x 10-18 cm2 and 1.147 x 10-17 cm2, respectively.  The dual-beam 
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detection with ultra-sensitive, high-precision electrometer circuit enables measurement of 
absorbances, ln(Io/I), of less than 10-5 which for a 5 cm optical path typical for ElectricOIL 
corresponds to detection limits of [I2] = 1.2 x 1012 cm-3 and [O3] = 1.7 x 1011 cm-3 [2.17]. 
 Using these diagnostics near the RF discharges can present challenges to their 
successful operation.  The detectors and their associated electronics are susceptible to 
interference from the RF discharges even with the shielding installed around them.  The I2 
absorption diagnostic can be used without the discharges running in many cases, but the 
ozone is only created with the discharge running.   Care must be taken to ensure that the 
changes in signal are, in fact, due to changes in absorption and not due to interference.  
Additionally, the discharge produces many species that radiate where these diagnostics 
operate, and although these detectors are narrow band filtered at the appropriate wavelengths, 
confusion could occur.  For instance, the broadband O-NO airglow coincides with the diode 
source at 488 nm, while the NO(A→X) UV emission bands coincide with the mercury lamp 
emissions at 254 nm.  Therefore, these emissions must be considered when setting up the 
experiment and analyzing the data.  In practice, the airglow emission is not a significant issue 
because the signal is weak compared to the diode probe beam, but the UV emissions from the 
discharge have caused significant problems with measuring ozone absorption.  This problem 
is further complicated because NO diminishes the production of ozone by removing oxygen 
atoms from the flow making ozone absorption measurements nearly impossible with NO 
added to the discharge. 
2.3.2. Iodine Gain/Absorption Diagnostic 
One critical diagnostic for analyzing a laser system is conducting a measurement of 
the gain, a measure of the population inversion from which laser power can be extracted.  
The PSI iodine gain diagnostic applies tunable diode laser spectroscopy to the I(2P1/2) → 
I(2P3/2) (3,4) hyperfine transition at 1315 nm [2.18].  The diode laser output is scanned over 
the absorption feature, and the average of several sweeps is recorded.  The peak gain of the 
resulting signal provides the quantity [I*] – 0.5[I], and the width of the signal can be used to 
determine the temperature from the full width at half the maximum.   The recorded data can 
be manipulated in a spreadsheet program, and a program has been written to account for 
pressure broadening while deducing the flow temperature from the data.  Like most sensitive 
electronics, this diagnostic is also sensitive to RF interference from the discharges.  Unlike 
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the absorption diagnostics, emission from the species created in the discharge is not a 
problem, but electromagnetic interference can be a significant problem.  The iodine gain 
diagnostic is equipped with two channels for making measurements simultaneously, so this 
second channel is frequently used to ensure that interference is minimized.  One channel is 
setup through the laser cavity while the other views a closed cell containing iodine vapor.  
The signal from the closed iodine reference cell should not change with experimental 
conditions, so it serves as a control to confirm that the discharge is not affecting the 
diagnostic.  A few experiments have required both gain diagnostic channels to measure gain 
the flowing laser system, but most experiments are conducted while viewing the closed 
reference cell.  This diagnostic provides critical special information about the species 
distribution in the laser cavity that a laser power extraction test cannot accomplish.  The gain 
diagnostic’s small beam size allows sweeps of the gain profile in both the flow direction and 
the vertical dimension which have proven to be extremely useful for understanding the 
detailed distributions within the ElectricOIL cavity. 
 
2.4. Discharge Types and Geometries 
The geometry of the ElectricOIL discharge has been evolving since the first testing 
began in 2000 with 5 cm diameter quartz tubes with internal, hollow cathode electrodes.  
During early tests at low pressure, those longitudinal discharges provided sufficient O2(a) 
yields for the first ElectricOIL demonstration [2.19].  As the focus shifted to operation at 
higher pressures and flow rates, different discharges were investigated to improve the O2(a) 
yield and discharge stability.  The details of these discharges will be discussed in section 3 
when the experimental results are presented, but the four general types of discharges are 
shown in Figs. 2.4 – 2.7.  In each figure, a schematic of the discharge cross-section is shown 
with a photograph of an example of that type of discharge. 
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Figure 2.7:  Concentric electrode discharge.  Unlike the other discharges shown here 
which can be air cooled, the center electrode of this discharge must be water cooled to 
prevent melting. 
 
None of the cross-section sketches are drawn to scale, and most of configurations were tested 
in several different dimensions.  In general in the figures, blue represents a ceramic tube 
through which the gases flow, and light brown/copper represents an electrode.  Both alumina 
and quartz have been used for the tubes, and copper foil, copper sheets, and brass tubes have 
all served as successful electrodes.  In addition to changing the cross-sections of the 
discharges, experiments were performed with varying length electrodes and discharge 
configuration on the tubes.  Figure 2.6b and 2.7b show cases where two different RF 
discharges apply power to the same flow tube.  The relative power levels and electrode 
lengths affect the O2(a) production for each discharge. 
 RF discharges can be created in all of these configurations, and the majority of the 
work presented here was acquired using RF discharges.  Some studies were conducted using 
a pulser-sustainer type discharge which requires a modified configuration from those shown 
in the figures.  An additional electrode must be added to the system for the pulser or the 
sustainer.  Generally, an internal hollow cathode electrode was added in order to utilize a 
direct current (DC) sustainer.  This setup will be discussed with the limited pulser-sustainer 
experimental results in Section 3.3. 
 
2.5. Laser Cavities 
Downstream of the discharge units, the gas flow containing the O2(a) passes through 
a heat exchanger to reduce the temperature and then flows into the laser cavity.  In 
ElectricOIL, the term laser cavity refers to more than just the gain region or laser resonator 
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300 mmol/s (8.4 grams/s) of chilled nitrogen are injected.  The nitrogen is cooled to 
approximately 100 K and aids in both cooling the gas flow and mixing the iodine into the 
primary gases.  The gases then pass the throat of the nozzle at 11 mm tall and expand to 
approximately Mach 2.4 where the supersonic duct height is 23 mm.  At this location, the 
pressure is approximately 2 Torr, and the temperature is between 100 and 130 K.  After the 
expansion, the walls continue to increase their separation at 2o from the centerline to account 
for the boundary layer growth.  The portion of the cavity downstream of the throat is based 
on the nozzle design of the VertiCOIL device which was transferred from the Air Force 
Research Laboratory to the University of Illinois [2.20].  That classically-produced oxygen-
iodine laser produced over 1 kW in output laser power.  Experiments to effectively utilize 
higher Mach number nozzles in ElectricOIL have been unsuccessful [2.21] despite at least 
one other research group’s success with a Mach 3 nozzle [2.22].  Other ElectricOIL testing 
showed that the expansion of the ramps in the supersonic flow section absorbed the boundary 
layer successfully keeping the Mach number approximately constant [2.23].  Tests that have 
resulted in raising the pressure downstream of the supersonic expansion have had a 
catastrophic effect on the gain and laser performance when a shock is pushed into the nozzle.  
While experiments have not been performed to specifically investigate shocks in the nozzle, 
they are assumed to only occur downstream during normal laser operation.  The Reynolds 
number based on the nozzle height of 11 mm is approximately 8800.  The viscosity of the gas 
mixture comes from the BLAZE-V model which is capable of estimating the viscosity of 
complex mixtures by evaluating the collision integrals for each species.  The method is 
described by Reid et al., and results in a value of 1.58 x 10-4 grams/cm-s [2.24].  The gain 
and lasing region in Cav6 accommodates a pair of 10 cm mirrors or a combination of four 5 
cm mirrors in a Z or X-resonator to extract power.  The experiments discussed in this work 
contain data from both Cav6 and Cav7.  The current ElectricOIL hardware, Cav7, has a gain 
length of 22.9 cm, and the length in the flow direction is approximately 50% larger than in 
Cav6 providing a larger area for laser power extraction.  Further details including the 
resonator configuration and mirror reflectivities will be provided during the discussion of the 
data.  Gate valves are attached to each side of the cavity to allow the laser mirrors to be 
exchanged while the rest of the system remains under vacuum.  Downstream of the 
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supersonic expansion, a diffuser raises the pressure from about 2 Torr at the nozzle exit to 12 
Torr where the gas enters the vacuum system. 
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3. Discharge Experiments 
The discharge production of O2(a) drives the success or failure of the ElectricOIL 
system, so many experimental investigations have been focused on solely this process.  As 
the system grows, O2(a) must be efficiently produced from higher gas flow rates and at 
higher pressures.  This section describes the evolution of the discharge for pumping O2(a) to 
accomplish that goal.  The theory O2(a) creation in an electric discharge is discussed along 
with the challenges of predicting excited species production.  Some modeling efforts are 
briefly discussed, and results from the BLAZE-V model are presented to help explain some 
experimental trends.  A few test series that have been abandoned for more efficient 
techniques are presented as well as measurements of ozone and a materials evaluation.  The 
critical drivers for high O2(a) yield of helium diluent, discharge electrode gap, power density 
and residence time are discussed, and many experiments are described.  This section 
concludes with a comparison of several discharge configurations and a discussion of why a 
particular discharge was selected for the high laser power extraction tests. 
Throughout this section, O2(a) yield data is presented, and this yield is defined as the 
O2(a) density at the measurement location divided by the O2 input density evaluated at the 
measurement location’s temperature and pressure.  Similarly, the oxygen atom yield and 
ozone yield are defined as the respective density divided by the O2 input density. 
 
3.1. O2(a) Production Theory 
 In classic COIL, O2(a) is generated through a multistep process involving hydrogen 
peroxide mixed with an alkali metal hydroxide (KOH), to form O2H- ions, which react with 
chlorine gas to form ClO2- ions.  These ClO2- ions dissociate, forming Cl- and the desired 
singlet delta oxygen, O2(a) [3.1].  As discussed in Section 1, this method of generation 
requires the use of a significant amount of bulky, hazardous chemicals and therefore presents 
logistics issues. 
 Fortunately, O2(a1) and O2(b1), which are collectively referred to as singlet 
oxygen, can be produced by other means.  Equations 3.1 through 3.5 show the common gas 
phase production mechanisms for O2(a).  All of these reactions play a role in ElectricOIL, but 
electron impact, which is shown as Eqn. 3.1, dominates [3.2]. 
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  e- + O2 → O2(a) + e- (3.1) 
 
The amount of O2(a) produced by this reaction is dependent on the electron energy 
distribution function which will be discussed later in this section.  Electron impact reactions 
produce O2(b) as well as O2(a), but the O2(b) state can be deactivated into O2(a) or the 
ground state, O2(X), by a collision with another species (Eqn. 3.2). 
 
 O2(b) + M → O2(a,X) + M (3.2) 
 
This reaction occurs rapidly when M is O or O3 [3.3] but also occurs when M is O2 [3.4].  
Photons from other processes in the discharge can also create O2(a).  Equation 3.3 requires an 
ultraviolet photon [3.5] while ozone photodissociation (Eqn. 3.4) can occur with less 
energetic photons [3.3].  The O2(b) created in 3.3 can form O2(a) by 3.2. 
 
  O2 + h → O2(b) (3.3) 
 
  O3 + h → O2(a,b) + O (3.4) 
 
The rate of these reactions is dependent of the intensity of the photons, and the reaction 
shown in Eqn. 3.4 can produce O2(a) and O2(b) depending on the energy of the photons.  
Oxygen molecules are dissociated in the discharge, and they can recombine to create O2(a) 
and O2(b) through a three-body reaction shown in Eqn. 3.5 [3.6]. 
 
  O + O + M → O2(a,b) + M (3.5) 
 
Ideally, the electron impact reaction shown in Eqn. 3.1 would turn all the ground state 
oxygen entering the discharge into O2(a) producing a 100% yield of the desired excited state.  
Reality, however, does not allow such a simple outcome from oxygen passing through an 
electric discharge.  Electron impact production of O2(a) becomes a complicated situation due 
to the additional electron impact processes which can occur in oxygen discharges diluted 
with helium as in the ElectricOIL system.  The potential energy diagram for oxygen is shown 
in Figure 3.1 with O2(a) (0.977 eV) and O2(b) (1.63 eV) highlighted along with the ground 
state. 
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Figure 3.1:  Potential energy curves for O2-, O2, and O2+ (taken from Krupenie [3.7]) 
 
These low energy states along with many other species are created, and Figure 3.2 describes 
various energy transfer pathways through the O2(a) state within the electric discharge and in 
the discharge afterglow.  A number of states in addition to O2(a) are produced by electron 
impact including vibrationally-excited O2, O2(b), oxygen atoms, excited oxygen atoms, and 
ions.  Additionally, O2(a) is formed by collisions with excited atoms and electron impacts 
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with vibrational levels.  O2(b) is also deactivated to O2(a) by various mechanisms such as 
superelastic collisions, and quenching by oxygen atoms, molecules, and diluent gas (typically 
helium).  Once O2(a) is produced, several possible deactivation mechanisms can remove its 
energy including electron impact dissociation, elastic and superelastic collisions creating 
ground state, O2(b), and ions, and quenching by various species in the discharge and 
afterglow. 
 
 
Figure 3.2:  Various electronic energy pathways through O2(a). 
 
This complex problem has motivated numerous modeling efforts focused on simulation of 
the discharges for electric oxygen-iodine lasers.  The challenge of simulating O2(a) 
production for use in an oxygen-iodine laser has been undertaken by various modelers from 
around the world including the University of Illinois [3.8, 3.9, 3.10], CU Aerospace [3.11, 
3.12, 3.13], Plasmatronics, Inc. [3.14], and in Russia [3.15, 3.16, 3.17].  These modeling 
efforts differ in dimensionality and theoretical complexity but are all in agreement that 
significant levels of O2(a) can be produced in an electric discharge.  Typically these 
calculations suggest that for optimal conditions a yield of 30% O2(a) could be achieved.  
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Additionally, they have demonstrated decent agreement with experimental trends (especially 
[3.11, 3.12, 3.13, 3.15, 3.16, 3.17]). 
The more general version of the reaction shown as Eqn. 3.1 is given as Eqn. 3.6 for 
the pumping of various excited states in ElectricOIL like those shown for oxygen in Figure 
3.1 and Figure 3.2. 
 e- + M → M* + e- (3.6) 
 
M* denotes an excited state of a molecule or atom, M, at an energy th above the ground state.  
The pumping rate of this reaction is modeled as a cross-section interaction with a population 
energy distribution of electrons.  The electron gas is modeled as an electron temperature-
dependent continuum of distributed energy while the cross-section is an experimentally-
determined probability function having a threshold at the energy level of the excited state.  
The rate of production of M* density by direct electron-impact is given by the product 
kijne[M] where ne is the electron density, and kij is given by Eqn. 3.7. 
 
 
th
dFk ijij   )()(v)(  (3.7) 
 
In Eqn. 3.7, i denotes the initial state (M) and j denotes the final state (M*) such that kij is the 
rate coefficient for production of state j from state i, ij is the energy-dependent cross-section 
for the excitation of j from i, v() is the electron velocity as a function of electron energy, and 
F() is the normalized electron energy distribution function (   1
0
  dF ). 
Figure 3.3 shows Maxwellian electron energy distribution functions (EEDFs) at 
varied electron temperature plotted along with electron impact cross-sections for excitation 
of ground state O2 to O2(a), O2(b), and dissociation to O(3P) + O(3P) (O(3P) is the oxygen 
atom ground state) [3.13].  This figure illustrates that the rate coefficient of each process 
(Eqn. 3.7) will vary as electron temperature varies, and that the distribution of power into 
various states will be dependent on EEDF.  Low electron temperature will favor low energy 
processes, while high electron temperatures will favor high energy processes.  Assuming a 
form for the EEDF and linearly interpolating the cross-section data, allows the determination 
of the production rate of each state using a numerical integration for Eqn. 3.7.  Unfortunately, 
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the simple assumption of a Mawellian EEDF does not describe the plasma sufficiently, and a 
Boltzmann model for the EEDF must be utilized for better simulations. 
 
 
Figure 3.3:  Normalized Maxwellian EEDFs for 1 ,2, and 5 eV and oxygen cross-section 
data for O2(a) (0.977 eV), O2(b) (1.63 eV), and oxygen dissociation (4.5 eV). 
 
 Even though a sophisticated model must be used to accurately predict the production 
of excited states in a discharge, the ratio of two macroscopic plasma parameters provides 
basic trends for the EEDF.  As a simple approximation, the electric field-to-gas density ratio 
or E/N essentially determines the electron temperature at which the plasma operates.  As E/N 
increases, the electron temperature (characteristic energy of the electrons) increases, and the 
energy of the electron gas is redistributed to higher energies.  However, in order to more 
adequately determine the distribution of electron energy, a detailed model including all the 
inelastic processes in the discharge must be constructed.  As part of the ElectricOIL team, 
Palla constructed the BLAZE-IV model specifically for modeling the ElectricOIL system 
[3.13].  This program solves the classical two-term spherical harmonic expansion of the 
Boltzmann equation using a scheme based on the method from Rockwood [3.18], and this 
formulation allows the modeling of various elastic and inelastic processes by input of 
experimental cross-section data [3.13].  The calculation of the non-equilibrium solution 
displays a substantial effect on the EEDF and therefore the electron-impact kinetics.  An 
upgraded version of the program, BLAZE-V, produced the normalized EEDFs shown in 
Figure 3.4.  The figures include the Maxwellian distributions at the same values of E/N, with 
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(a) only ground state gases, and (b) 20% O2(a) yield, 2.4% O2(b) yield, and 7% O(3P) yield 
(taken from [3.18]).  The E/N is quantified in units of V-cm2 or Townsend (Td) where 1 Td = 
1 x 10-17 V-cm2.  In Figure 3.4, the characteristic shape and energy of the EEDF is dominated 
by the E/N while the distribution of oxygen excited states has a marginal effect which is more 
substantial for lower values of E/N.  The general effect of including the non-equilibrium 
processes is to shift population from the high-energy tail of the EEDF towards lower energy.  
The inclusion of excited states in the calculation affects the characteristic shape (more 
significantly at low E/N) due to the interplay between a significant population of electrons 
and excited states at low energies (O2(a) and O2(b) levels are 0.977 and 1.627 eV, 
respectively).  The result is a dual peak in the EEDF with the second peak of electrons in the 
region of the thresholds of O2(a) and O2(b) due to superelastic collisions with these species. 
 
 
(a) 
 
(b) 
Figure 3.4:  BLAZE-V calculated normalized non-equilibrium EEDFs as a function of 
E/N assuming (a) zero excited states, and (b) 20% O2(a) yield, 2.4% O2(b) yield, and 7% 
O(3P) yield.  Both cases are compared with equilibrium Maxwellian distributions at the 
same characteristic energy.  The gas mixture is 10:33:0.15 O2:He:NO.  The units for 
E/N are given in Townsend (Td) where 1 Td = 1 x 10-17 V-cm2. 
 
These calculations indicate that an E/N of 1-10 Td result in electron temperatures between 
approximately 0.4 and 2.7 eV, and thus discharges operating in this region should maximize 
O2(a) production, since these ranges will allow for a significant population of electrons 
capable of O2(a) excitation [3.19].  However, these calculations do not provide the entire 
story, and simulations that will be discussed later indicate that the optimum E/N for O2(a) 
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production is significantly higher.  For perspective, the E/N of the discharges used in 
ElectricOIL have been measured to be in the range of 18 to 25 Td between 20 and 50 Torr 
with gas mixtures similar to those used in the calculations producing Figure 3.4 [3.20].  
Throughout this section, modeling results from BLAZE-V simulations will be included to aid 
the understanding of some of the experimental results. 
 Ideally, all of the O2 entering the discharge could be converted to O2(a) in an optimal 
discharge where all of the input power was carried downstream by O2(a).  Unfortunately, that 
situation is not the case, and the deposition of energy into O2(a) is subject to various 
penalties.  As Figure 3.2 illustrates, elastic collisions (gas heating), vibrational excitation, 
excitation of other electronic states, and dissociation all require power from the discharge 
reducing the efficiency of O2(a) production.  Even with these considered, linearity of O2(a) 
with power might be expected, with some significant fraction of power being deposited into 
O2(a) and the rest being devoted to other processes, but the production of O2(a) saturates at 
some point.  As more significant levels of O2(a) are reached in the discharge, the same 
electron impact reactions that produce O2(a) limit its production.  These superelastic 
collisions remove the energy from O2(a) and return it to the electron gas as shown in Eqn. 
3.8. 
  e- + O2(a) → O2 + e- (3.8) 
 
This reaction is essentially the opposite of 3.1 where electrons collide with O2 to create 
O2(a).  However, that reaction required the electrons to have a minimum energy of the energy 
in O2(a) while the reaction in Eqn. 3.8 can occur with electrons of any energy.  In the high 
energy limit, the probability that an electron will create O2(a) to the probability that it will 
deactivate O2(a) approaches the ratio of their statistical weights or degeneracies,  ga / gX = 2/3 
[3.19].  Assuming an equilibrium between O2(a) and O2(X) and considering only these two 
reactions, O2(a)/O2(X) will approach 2/3 in this limit.  The O2(a) yield for this case is shown 
in Eqn. 3.9. 
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The O2(a) yield within the discharge is fundamentally limited to 40%, but realistically, the 
limit is even lower primarily due to quenching and oxygen dissociation [3.19]. 
39 
 
 A simple, time-dependent model of O2(a) production with only a few reactions can 
illustrate this point that other processes further limit the O2(a) yield below 40%.  Only two 
reactions need to be added to the pumping reaction (3.1) and the superelastic loss reaction 
(3.8) to show this effect, and they are given in Eqns. 3.10 and 3.11. 
 
 e- + O2 → 2 O + e- (3.10) 
 
 O2(a) + M → O2 + M (3.11) 
 
Equation 3.10 accounts for oxygen dissociation, and 3.11 quenches energy from O2(a) by 
interactions with other species.  The time rate of change of the density of each of the three 
species considered in this model is given in Eqns. 3.12 through 3.14 where nX = [O2(X)], na = 
[O2(a)], and nO = [O]. 
 
 
q
qaqXeaeXe
X Mnknnknnknnk
dt
dn ][,11.310.38.31.3   (3.12) 
 
 
q
qaqaeXe
a Mnknnknnk
dt
dn ][,11.38.31.3   (3.13) 
 
 XeO nnkdt
dn
10.3   (3.14) 
 
The rates of pumping, superelastic loses, and dissociation can be determined from cross-
section data and an assumed EEDF or from the BLAZE-V model’s solution to the Boltzmann 
equation for a given E/N.  The rate of the quenching mechanisms k3.11,q is M-dependent.  The 
rates employed are 8.2 x 10-19 cm3/s for M = O2(X), 1.7 x 10-17 cm3/s for M = O2(a), and 2.0 
x 10-16 cm3/s for M = O [3.12].  Therefore, the O2(a) quenching will increase as O2(a) and O-
atoms are produced.  This type of simple model illustrates that O2(a) yield is limited below 
40% by superelastic collisions, dissociation, and O2(a) quenching.  Results from this simple, 
time dependent model will be shown with data in a subsequent section discussing 
experimental results from a test series where the gas flow time in the discharge varied to 
study O2(a) saturation. 
The BLAZE model provides a more detailed analysis of the O2(a) saturation behavior 
[3.13].  Figure 3.5 shows the O2(a) production efficiency as a function of E/N for varied 
40 
 
O2(a) yield in the range of 0% to 35%.  As the yield of O2(a) increases for a given E/N, the 
efficiency of O2(a) production decreases significantly, approaching zero for high yields.  
Furthermore, the figure illustrates that the optimal E/N for efficient O2(a) production 
increases significantly, by about a factor of 10, as the yield increases from 0% to 35%.  A 
discharge operating at a higher E/N will ultimately produce O2(a) more efficiently than one 
operating at a low E/N as the O2(a) yield increases as the gas flows through the discharge. 
 
Figure 3.5:  Production efficiency of O2(a) versus E/N as a function of the O2(a) yield for 
1:4 O2:He determined using the Blaze Boltzmann model.  As O2(a) yield increases, the 
peak in efficiency decreases and shifts to a higher E/N [3.13]. 
 
3.2. NO Discussion 
Throughout this work, O2(a) yields from a variety of RF discharges are compared.  
The proportions of oxygen to helium are carefully controlled and, with the exception of the 
section on the helium diluent tests, are always 1:3.3, O2:He.  As shown in Figure 3.6a, the 
addition of NO to the discharge boosts the production of O2(a) and eliminates oxygen atoms 
through a recycling process that results in an increase in gas flow temperature [3.21]  The 
reactions for this NO recycling process are given as Eqns. 3.15 to 3.17. 
 
 O + NO → NO2* (3.15) 
 
 NO2* → NO2 + h (3.16) 
 
 O + NO2 → O2 + NO (3.17) 
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As discussed in Section 2, the NO2* emission can be related to the oxygen atom density in the 
flow.  Figure 3.6a was created using the rectangular cross-section quartz tube with 45:150 
mmol/s, O2:He at 40 Torr and 4000 W of RF power.  An NO flow rate ranging from 0.5% to 
1.5% of the oxygen flow rate produced the same effect on the O2(a) while causing substantial 
impact on the oxygen atoms.  As more NO is added to the flow, the temperature increases, as 
shown in the figure, due to energy released from more oxygen atom recombination.  
Subsequent comparisons of O2(a) are made with inconsistent NO flow rates, but they are 
within the range where the O2(a) yield is not affected.  In the few cases where oxygen atom 
yields are compared, the NO flow rate was closely controlled.  A modest, 9% increase in 
O2(a) yield occurs in this configuration when NO is added to the flow.  Previous ElecticOIL 
studies, shown in Figure 3.6b, illustrated a substantial increase in O2(a) yield of almost 30% 
when NO was added to the system using a longitudinal discharge at 13 Torr [3.21]. 
 
 
(a) 
 
(b) 
Figure 3.6:  O2(a) yield and flow temperature vs. NO flow rate for (a) 45:150 mmol/s, 
O2:He at 40 Torr and 4000 W of RF power and (b) 3:16 mmol/s, O2:He at 12.5 Torr and 
500 W of RF power. 
 
These early experiments with NO injected downstream of the discharge and through the 
discharge demonstrate the O2(a) enhancement by removing quenching oxygen atoms from 
the flow and the O2(a) production benefit from NO flowing through the discharge.  Initially, 
NO was added to the discharge with the theoretical rationale that the discharge E/N would 
decrease, but experiments showed that the discharge voltage does not change significantly 
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with NO addition [3.22].  The benefits are more likely due to the removal of O2(a) quenching 
oxygen atoms and enhanced O2(a) production due to oxygen atom recombination [3.13].  As 
discharge operating pressures have increased with the use of transverse, small electrode gap 
discharges, the need for NO to produce high O2(a) yields has diminished since the oxygen 
atoms recombine faster as the pressure increases.  However, NO remains critical for oxygen 
atom control during lasing experiments to balance iodine dissociation and I* quenching. 
 
3.3. Unsuccessful attempts to create O2(a) more efficiently 
 Researchers working to produce O2(a) in electric discharges have attempted many 
configurations, and while the most promising ElectricOIL results have been produced using 
RF discharges, a series of experiments were conducted with a pulser-sustainer system.  The 
pulser-sustainer experiments utilize a specialized pulse circuit with a DC sustainer, and the 
voltage versus time for an ideal pulser-sustainer discharge is shown in Figure 3.7.  In these 
experiments, the discharge consisted of two hollow cathode electrodes which served as the 
electrodes for the sustainer at each end of a 25 cm long, 5 cm diameter quartz tube.  A third 
electrode for the high voltage pulse was added between the hollow cathodes in the form of a 
capacitive band around the flow tube.  The pulser used the same hollow cathode ground 
electrode as the DC sustainer.  Initially, results were encouraging, but in direct comparisons 
with RF systems, the pulser-sustainer systems were found to be both less electrically efficient 
at producing O2(a) and far less reliable (susceptible to electrical circuitry failures).  Figure 
3.8 illustrates both of these points.  Efforts with the pulser-sustainer systems have focused on 
trying to optimize O2(a) production by tuning the E/N parameter to the range of 5 to 10 Td.  
While this approach is useful for efficient conversion of electrical energy to O2(a) for low 
yields, it has been shown by several investigators that the theoretical peak of the O2(a) 
production curve shifts towards higher E/N as the yield in the discharge progressively rises, 
as in Figure 3.5 [3.13, 3.23, 3.24]. 
 
 
Figure 3.7:  Ideal voltage vs. time for 
the pulser-sustainer discharge.  The 
short high voltage pulse is followed by a 
plateau of lower voltage, and the 
sequence is repeated.  The conceptual 
electron number density is also shown. 
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Figure 3.8:  Comparison of measured O2(a) yields with RF and Pulser-Sustainer 
discharges as a function of total electrical power input into the discharge.  Flow 
conditions were 3:12 mmol/s, O2:He at 12.5 Torr in a 4.9 cm flowtube.  The pulser 
electronics failed during the testing. 
 
This fact means that pulser-sustainer systems tuned to lower E/N values in the 5 to 10 Td 
range will become less electrically efficient at pumping energy into the O2(a) as the O2(a) 
yield rises.  As it turns out, for yields of 20% or higher, an E/N of 15 to 25 Td with a power 
loading of 15 to 50 W/cm3 is more desirable, which happens to be the range at which typical 
ElectricOIL RF discharges operate.  This effect is believed to be the primary reason why RF 
discharges tend to operate well and with reasonable electrical efficiencies when compared to 
the pulser-sustainer systems, and this series of tests confirmed the model’s predictions 
regarding O2(a) production at lower E/N values provided by the pulser-sustainer. 
 In another attempt to influence the E/N of the discharge, the RF matching network 
was altered for one series of experiments.  In all the other tests presented in this work with 
RF discharges, the electrodes were configured such that one was driven at high voltage and 
the other was grounded.  However, the custom built matching networks for ElectricOIL can 
be configured to provide two high voltage outputs 180o out of phase.  Finding inductor 
settings that provided equivalent voltages to both outputs required some effort, but overall 
the change was simple.  The test was conducted on a single 19 mm tube with parallel plate 
electrodes.  In one data set, the electrodes were connected in the traditional way, and in the 
other set, both electrodes were driven at high voltage.  Figure 3.9 shows the results from this 
experiment including the O2(a) yield and RMS electrode voltage. 
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Figure 3.9:  O2(a) yield and RMS electrode voltage vs. RF Power for an unbalanced and 
balanced matching configuration on a single 19 mm tube.  The flow rates were 
10:33:0.14 mmol/s of O2:He:NO at 40 Torr. 
 
For all power levels, the yield from the two discharges appears almost identical.  As expected 
from other RF discharge voltage measurements, the voltage is initially level with increasing 
power and begins to rise at the same point that the O2(a) yield begins to roll over.  However, 
the voltage on the electrodes in the case with two high voltage sources is more than half of 
the voltage in the case with only one driven electrode.  While this may be interesting, the 
extremely similar O2(a) yield measurements from both cases did not warrant further 
investigation. 
 The shape of the electrodes on a 19 mm tube was varied in an attempt to improve the 
O2(a) yield especially at high pressure, but the intention of this idea was not to manipulate 
the discharge E/N.  Early ElectricOIL work was conducted using 50 mm discharge tubes with 
clamshell style electrodes as discussed in Section 2.4, and when smaller diameter tubes were 
investigated, parallel plate electrodes were simply taped to each side of the tube.  Section 3.7 
will examine the dramatic improvement in O2(a) yield at pressures above 40 Torr from this 
decreased electrode gap.  Additionally, the clamshell discharge was known to provide 
substantially better O2(a) yields at low pressure than a parallel plate discharge on the 50 mm 
tube, so a clamshell discharge was fabricated for the 19 mm tube.  The results of a constant 
RF power and flow rate test with varied pressure are shown in Figure 3.10, and at 40 Torr the 
parallel plate discharge and clamshell discharge operate similarly while the clamshell 
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provides slightly higher yields at high pressures.  As the pressure increases for a given 
discharge configuration, the plasma eventually constricts to a high power density at the 
downstream edge of the electrodes, but as the electrode gap decreases, this transition occurs 
at higher pressures.  A discharge with varying electrode gap might be able to delay the 
transition to high power density at high pressure if the electrode gap was smaller at the 
upstream end and larger downstream.  In order to test this theory, tapered clamshell 
electrodes were created and tested, and the results are also in Figure 3.10.  The copper foil 
electrodes on the tapered clamshell discharge provided the desired smaller electrode gap on 
the upstream end of the discharge tube by wrapping further around the tube upstream than 
downstream.  This discharge operated similarly to the other two configurations at 40 Torr but 
significantly better than the parallel plate discharge above that pressure.  While these tests 
were interesting and encouraging for discharges operating above 60 Torr, the ElectricOIL 
system operates between 40 and 50 Torr for lasing experiments, so higher pressure operation 
is not currently desired.  Furthermore, other discharges such as the rectangular cross-section 
and concentric have replaced 19 mm tubes for high flow rate experiments.  All other data in 
this section that refers to a 19 mm tube implies a parallel plate electrode configuration. 
 
 
Figure 3.10:  O2(a) yield vs. pressure for three different electrode configurations on a 19 
mm tube.  The flow rates were 10:33:0.15 mmol/s of O2:He:NO at 1000 W of RF power. 
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3.4. Ozone Measurements 
Understanding the role of oxygen species created in the discharge that are not present 
in classic COIL has been critical to the success of ElectricOIL.  Oxygen atoms proved to be 
critical players in the chemistry due to their positive role dissociating iodine and their 
negative role quenching the upper lasing state [3.22].  Ozone is also created by species 
produced in the discharge, and studies at lower pressures and flow rates with large electrode 
gap discharges showed that the concentration of ozone was small compared to other species 
[3.13].  Discharges operating at higher pressures with smaller electrodes gap have primarily 
been studied and optimized for their O2(a) production.  Ozone is produced through several 
three-body reactions (shown as Eqns. 3.18 – 3.21) [3.25], so its production could increase 
drastically at higher pressure operation. 
 
 O + O2 + He → O3 + He (3.18) 
 
 O + 2O2 → O3 + O2 (3.19) 
 
 O + O2 + O2(a) → O3 + O2(a) (3.20) 
 
 2O + O2 → O3 + O (3.21) 
 
These ozone production reactions are assumed to have rates of 5.9 x 10-34 cm6 / 
molecule2-s at room temperature.  The negative effects of ozone on the ElectricOIL system 
are shown in Eqns. 3.22 and 3.23 [3.25]. 
 
 O2(a) + O3 → 2O2 + O k = 4.02 x 10-15 (3.22)    
 
 I + O3 → IO + O2 k = 1.03 x 10-12 (3.23) 
 
The units of these reactions are cm3 / molecule-s, and they are also evaluated at room 
temperature.  Clearly, deactivation of O2(a) and removal of iodine atoms are serious 
problems for an ElectricOIL system, so the concentration of ozone needed to be determined.  
Measurements of ozone concentration were performed using the absorption diagnostic 
discussed in Section 2.3.1. 
Older data acquired using a 50 mm clamshell discharge is presented in Figure 3.11 to 
show the production of ozone downstream of the discharge and illustrate that with NO 
removing oxygen atoms, little ozone is created.  More recent testing focused on higher 
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pressure discharges, and the experiment was configured to match the discharge conditions 
that produced high output laser powers [3.26]. 
 
 
Figure 3.11:  Ozone density vs. distance 
from the discharge exit using a 50 mm 
clamshell discharge.  The RF power was 
450 and 550 Watts in the 3 and 10 
mmol/s of O2 cases respectively. 
 
Figure 3.12:  Ozone yield 
([O3]/[O2]input) vs. NO Flow Rate for 
varying pressure.  Flow rates of 7.5:25 
mmol/s, O2:He, and RF power of 830 W. 
 
During laser testing, a series of six, 19 mm tubes were configured to provide O2(a) to the 
laser cavity, so a single 19 mm tube was used for the ozone experiments with the flow rates 
and RF power scaled to 1/6 of their laser test values.  The flow expanded out of the discharge 
into a diagnostic duct where measurements were performed using a 25 mm path length for 
the ozone diagnostic.  These tests occurred approximately 48 cm downstream from the exit 
of the discharge. 
The NO flow rate was swept for several discharge pressures to produce Figure 3.12.  
The ozone yield, defined as [O3]/[O2]input, is plotted against the NO flow rate rather than the 
number density since the pressure changes drastically between data cases making the ozone 
number density a confusing comparison.  All the ozone production reactions require oxygen 
atoms, so for all pressures, the ozone yield is the highest in the case with zero NO flow.  NO 
is recycled to eliminate oxygen atoms, and as the pressure increases, the oxygen atoms 
recombine faster.  For the case without NO, the ozone yield reaches a maximum at 60 Torr 
before the loss of oxygen atoms at high pressure reduces the yield at 80 Torr.  With the 
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addition of NO to the flow, the density of ozone drops to about 1 x 1014 cm-3 for all 
pressures.  More oxygen atoms remain at 20 Torr providing a higher yield at all NO flow 
rates while the yield at the three higher pressures falls substantially.  In order to put these 
ozone yield and density measurements into perspective, Figure 3.13 shows the number 
density of the most common post-discharge species as a function of pressure. 
 
 
Figure 3.13:  Number Density of O2(a), O2(b), O atoms, and O3 vs. pressure.  Flow rates 
of 7.5:25:0.13 mmol/s, O2:He:NO, and RF power of 830 W.  Measurements taken 
approximately 48 cm downstream from the exit of the discharge. 
 
The yield of each of these species is decreasing as the total number density increases with 
pressure, but this plot shows the relative amount of each species more clearly.  These data are 
from the 0.13 mmol/s of NO case in Figure 3.12, and all measurements were taken at 
approximately the same location downstream of the discharge.  This semi-log plot shows that 
the concentration of ozone is substantially smaller than that of O2(a), O2(b), or oxygen atom 
at the measurement location.  At the discharge exit, the oxygen atom density is much higher 
than it is further downstream, especially at high pressures.  In the presence of small amounts 
of NO at pressures up to at least 80 Torr, ozone is an insignificant player in the ElectricOIL 
kinetics.  These findings are consistent with prior modeling conclusions for lower pressure 
flows [3.13]. 
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3.5. Helium Diluent 
 Pure oxygen flowing through an RF discharge results in a high temperature gas with 
low O2(a) yield and substantial dissociation.  None of those features is desirable for the 
ElectricOIL system, so helium is added to the gas mixture drastically improving the situation.  
In general helium helps to cool the discharge while also reducing loses associated with 
excited oxygen species interacting with other oxygen species.  This section discusses the 
evolution of helium diluent in the system as the discharge configurations have changed and 
the pressure has increased.  Modeling results from Stafford and Kushner in 2004 suggested 
that as the mole fraction of helium increased compared to oxygen, the O2(a) yield could 
increase [3.27].  However, more RF power is required as some power is deposited into the 
helium decreasing the efficiency.  Their results showed that the optimum E/N for O2(a) 
production shifted to a lower value as the helium diluent increased, but they suggested that 
the improved experimental yields were due to the helium shifting the discharge E/N to lower 
levels where more O2(a) is created.  Experiments have not been specifically performed to 
measure the E/N as a function of helium diluent, but other experiments show that the 
discharge always operates in the range of 18 to 25 Td regardless of flow rates and pressure.   
 
Figure 3.14:  BLAZE–V Discharge Model calculated steady–state O2(a) yield as a 
function of He:O2 ratio and E/N.  These curves assume a 10:0.1 mmol/s O2:NO, 300 K 
initial mixture at 20 Torr with a fixed applied power density of 2 Watts/cm3.  This 
figure is labeled with He:O2 ratios where the text and other figures uses the O2:He ratio.  
 
More recent modeling using BLAZE-V proposes that the optimum E/N for O2(a) production 
does shift to higher values as the helium diluent ratio increases initially before moving back 
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to lower E/N values at high diluent ratios, and the results are shown in Figure 3.14 [3.19].  
The increase in yield may be due to decreased O2(a) losses associated with lower oxygen 
densities.  Oxygen dissociation is also predicted to increase with increased helium diluent. 
 Figure 3.15 shows the O2(a) yield, oxygen atom yield, and temperature versus helium 
flow rate at 20 Torr and 700 W for the 50 mm clamshell discharge, and the results are fairly 
consistent with the BLAZE-V predictions.  The O2(a) yield peaks around 40 mmol/s of 
helium which for this case represent a ratio of 1:4 O2:He.  The flow temperature decreases 
significantly with higher flow rates of helium due to increased thermal transport properties of 
the gas mixture.  At 50 Torr in the 19 mm discharge, more helium is required to maximize 
the O2(a) yield for a higher oxygen flow rate, Figure 3.16.  The oxygen flow rate was held at 
5, 10, and 15 mmol/s, and the power was held such that each case has a power loading of 70 
W/mmol/s of O2.  The flow of NO was 0.15 mmol/s in all cases, and the O2(a) yield peaks at 
different O2:He ratios for the different cases.  This information led to the high O2(a) yield 
data in Figure 3.17.  The O2(a) and oxygen atom yields are shown versus pressure for 3:60 
O2:He at 800 W and 5:100 O2:He at 1200 W.  The O2(a) yield peaks at 26% at 40 Torr for the 
3 mmol/s of oxygen case although the yield is only slightly lower in the 5 mmol/s of oxygen 
case.  These high helium diluent ratios cause the discharge to produce a large concentration 
of oxygen atoms especially at low pressure, but the atoms quickly recombine as the pressure 
increases.  Even at 90 Torr, the O2(a) yield is almost 13% for a high diluent ratio (1:8 O2:He) 
as illustrated in Figure 3.18 using the 19 mm discharge.  Figure 3.18 also includes data taken 
with the 50 mm clamshell discharge at 20 Torr for the same flow rates.  By diluting the 
standard 10 mmol/s of oxygen at 20 Torr with more helium, the O2(a) yield increases from 
16% to 18% although significantly more RF power is required in the 1:8 O2:He case. 
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Figure 3.15:  O2(a) yield, oxygen atom 
yield, and temperature vs. helium flow 
rate at 20 Torr for 10:0.15 mmol/s 
O2:NO at 700 W in a 50 mm clamshell 
discharge. 
 
Figure 3.16:  O2(a) yield vs. helium flow 
rate for three O2 flow rates at 50 Torr 
with 0.15 mmol/s NO while keeping 70 
W/mmol/s of O2 in a 19 mm discharge.
 
Figure 3.17:  O2(a) yield and oxygen 
atom yield vs. pressure for 3:60 mmol/s 
O2:He at 800 W and 5:100 mmol/s 
O2:He at 1200 W with 0.15 mmol/s NO 
in a 50 mm clamshell discharge. 
 
Figure 3.18:  O2(a) yield and 
temperature vs. RF system power for 
10:80:0.15 mmol/s O2:He:NO at 20 Torr 
in a 50 mm clamshell discharge and 90 
Torr in a 19 mm discharge. 
 
In Figure 3.19, the O2(a) yield is plotted versus RF system power for 3, 5, and 7 mmol/s of 
oxygen keeping the diluent ratio 1:20 O2:He with 0.15 mmol/s NO at 40 Torr using the 50 
mm clamshell discharge.  A case with a much lower diluent ratio (1:3.3) at 20 Torr is also 
included for comparison.  While high O2(a) yields are important for ElectricOIL, the power 
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carried downstream to the iodine by the O2(a) is also critical.  Equation 3.24 shows how 
O2(a) yield and oxygen flow rate combine to provide the power carried by O2(a). 
 
  
moleculeaO
eVEnergyNYnPoweraO AaOO )(
977.0)(
2
)(2 22
   (3.24) 
 
In this equation, NA is Avogadro’s number, 2On  is the molar flow rate of oxygen, and YO2(a) 
is the O2(a) yield.  The data from Figure 3.19 were converted to O2(a) power to produce 
Figure 3.20.  While the yields shown in Figure 3.19 for these high diluent ratio cases are 
higher, the oxygen flow rates are decreased, so as Figure 3.20 illustrates, the amount of 
energy in the O2(a) state is not necessarily high.  Clearly, both high yields and high oxygen 
flow rates are required to produce large O2(a) powers, and the 7:140 mmol/s O2:He at 40 
Torr case produces similar powers to the 10:33 mmol/s O2:He case which occurs at half the 
pressure. 
 
 
Figure 3.19:  O2(a) yield vs. RF system 
power for 1:20 O2:He at 40 Torr and 
~1:3 O2:He at 20 Torr with 0.15 mmol/s 
NO in a 50 mm clamshell discharge. 
 
Figure 3.20:  O2(a) Power vs. RF system 
power for 1:20 O2:He at 40 Torr and 
~1:3 O2:He at 20 Torr with 0.15 mmol/s 
NO in a 50 mm clamshell discharge. 
 
The previous results showed high O2(a) yields at 40 Torr with the 50 mm clamshell 
discharge, but a diluent ratio of 1:20, O2:He is not likely to be realistic for a laser system with 
limited pumping capability and RF power input.  The next series of tests discussed utilized 
53 
 
the 22 mm electrode gap, rectangular cross-section discharge tube with 50 cm long 
electrodes.  While Figure 3.21 demonstrates a way to increase the O2(a) yield, this method 
may not be as useful as it first appears.  The O2(a) yield is plotted versus the input RF power 
for four cases of varying helium diluent ratio.  The partial pressure of oxygen was held 
constant at 20 Torr which corresponds to 30 mmol/s while the helium flow rate changed.  
The flow of NO was approximately constant at 0.2 mmol/s in all cases.  As the helium flow 
increased, the pressure increased resulting in constant discharge residence time.  The peak 
O2(a) yield improved with increased diluent, but the RF power required to get those yields 
increased as well.  The solid line on the plot simply connects the peaks of the O2(a) yield 
versus power curves for the various diluent ratios to indicate that they increase linearly. 
Using Eqn. 3.21, the power carried by the O2(a) is a useful way to evaluate the 
efficiency of the discharge.  The O2(a) production efficiency is defined as the power stored in 
O2(a) divided by the RF power.  The percentage of RF power converted to O2(a) actually 
drops with increasing diluent ratio although the yield and power stored in O2(a) increase with 
is consistent with Stafford and Kushner’s modeling predictions.  Figure 3.22 illustrates this 
using the data from the peak of each curve from Figure 3.21.  The O2(a) production 
efficiency drops from 11% in the 1:2, O2:He case to 9.5% in the 1:8, O2:He case.  However, 
this effect is convoluted by increased O2(a) pooling losses that occur at higher pressures of 
O2(a), and therefore, the efficiency drop may not be a result of the increased diluent ratio.  
Despite the decreased efficiency, 13% O2(a) yield at 66 Torr is a substantial improvement 
over the 7% yield attained using the 19 mm discharge gap tube with 1:3.3, O2:He.  Even the 
improved performance from the 13 mm electrode gap discharge does not provide 13% yield 
at that high pressure as will be discussed in Section 3.7.  The consequences of higher helium 
flow rates on the nozzle and laser resonator along with the efficiency decrease would need to 
be considered before this effect could be usefully implemented. 
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Figure 3.21:  O2(a) Yield vs. RF Power 
for varying helium diluent ratios at 
constant oxygen partial pressures of 
approximately 20 Torr or 30 mmol/s 
using the rectangular cross-section tube 
with a 22 mm gap.  NO flow rate of 0.2 
mmol/s. 
 
Figure 3.22:  Power carried by O2(a) 
and O2(a) production efficiency vs. He 
diluent to O2 ratio.  O2(a) production 
efficiency is defined as O2(a) power / RF 
power.  This plot uses the data from the 
peak of each curve in Figure 3.21. 
 
3.6. Materials 
The rectangular cross-section quartz tube utilized for some of the data in the previous 
section failed after several months of testing in the vacuum system, so other materials that are 
more robust, but still allow desirable discharge operation, needed to be considered.  Alumina 
is a stronger ceramic with better thermal conductivity than quartz and an extremely high 
melting point.  The dielectric constant of alumina is slightly more than double that of quartz, 
but discharges through both materials operated similarly in tests as Figure 3.23 shows.  The 
yield of O2(a) and oxygen atoms is plotted against RF power.  The tubes compared in this 
case are 19 mm ID with 36 cm long electrodes.  This length was dictated by an available 
alumina tube length and explains the yield being somewhat lower than expected.  The peak 
O2(a) yield is similar for the tubes, and the alumina tube produces slightly lower oxygen 
atom levels which is an unexpected benefit.  These results seemed promising, so a 
rectangular cross-section alumina tube was commissioned with the assurance from the 
manufacturer that this design would “probably” work well in a vacuum application.  After 
only two days of testing with the new tube, it cracked and had to be abandoned.  The data 
that was acquired with that tube is presented in Section 3.9 discussing discharge geometries 
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as the rectangular alumina tube was not designed to be directly comparable to any other 
ElectricOIL discharges.  This failure led to the concentric discharge tube design using 
vacuum-friendly cylindrical shapes.  Several of the round quartz tubes used in the concentric 
discharge have broken (although not by vacuum forces), so alumina tubes could still have a 
role in the future of ElectricOIL to make the discharge chamber more robust. 
 
 
Figure 3.23:  O2(a) and oxygen atom yields vs. RF Power for quartz and alumina 19 mm 
ID tubes.  The flow rates were 10:33:0.18 mmol/s, O2:He:NO at 40 Torr.  The electrodes 
were 36 cm long. 
 
3.7. Discharge Electrode Gap 
 A critical design parameter for higher pressure RF discharge operation, the electrode 
gap must be evaluated as the RF discharge pressure changes.  Braginskiy et al. suggested an 
inverse scaling of electrode gap and pressure because a uniform, normal-mode glow 
discharge is required to efficiently produce O2(a) [3.28].  Increasing pressure for a given 
discharge configuration can force the discharge into an abnormal mode, but reducing the 
electrode gap as the pressure increases can delay this transition.  At high pressure when the 
discharge is confined downstream, the power density increases, and BLAZE-V modeling 
suggests that power loadings above 50 W/cm3 can reduce the maximum possible O2(a) yield 
as Figure 3.24 illustrates [3.19].  Furthermore, when the plasma does not fill the electrodes, 
the gas spends substantially less time in the discharge and may not have time to reach a 
steady-state of O2(a) production.  While not shown here, measurements of the Herzberg I and 
II band groups allow a gauge of the length of the discharge as shown in Zimmerman [3.29].  
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In the case of the smaller discharge tube, the discharge continues to fill the electrode gap at 
higher pressures.  Even if the discharge constriction and transition to the abnormal mode can 
be prevented by appropriate electrode gap selection, BLAZE-V modeling shows that the 
maximum achievable O2(a) yield decreases with pressure, Figure 3.25 [3.19].  Fortunately, 
the E/N for optimum O2(a) production stays in the usual operating range for the ElectricOIL 
RF discharges. 
 
Figure 3.24:  BLAZE–V Discharge 
Model calculated steady–state O2(a) 
yield as a function of power density and 
E/N.  Note, these curves assume a 
O2:He:NO = 10:33:0.1 mmol/s, 300 K 
initial mixture at 20 Torr.   
 
Figure 3.25:  BLAZE–V Discharge 
Model calculated steady–state O2(a) 
yield as a function of pressure and E/N.  
These curves assume 10:33:0.1 mmol/s 
O2:He:NO, 300 K initial mixture with a 
fixed applied power density of 2 W/cm3.   
 
Figure 3.26 shows the O2(a) yield as a function of pressure for four different electrode and 
flow tube configurations.  For these flow conditions, the highest O2(a) yield comes from the 
50 mm clamshell discharge at about 20 Torr, but at higher pressures, the performance from 
the 19 mm discharge is superior.  The figure also contains data from a 35 cm long discharge 
in a 19 mm tube (triangles) that is 40% longer than the standard 25 cm length discharge in a 
19 mm tube (diamonds).  At pressures between 20 and 40 Torr, this added discharge length 
provides an improvement to the O2(a) yield due to the increased residence time in the 
discharge which will be discussed more in Section 3.8.  As the discharge is constricted to 
shorter than the 25 cm case, the yields are identical since the additional length with no 
plasma provides no benefit.  Data from a 13 mm discharge are shown as well.  For these flow 
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conditions, the pressure gradient in the 13 mm tube is greater than in the other discharges, so 
that may explain its different trend.  At pressures greater than 100 Torr, the 13 mm discharge 
may provide the best O2(a) yield, but that yield is still quite low. 
 
 
 
 
 
Figure 3.26:  O2(a) yield vs. pressure for 
four different discharge electrode 
gaps/configurations for 10:33:0.15 
mmol/s O2:He:NO at 800 W.
 
 
Figure 3.27:  O2(a) yield vs. RF system 
power at 20 Torr for three discharge 
geometries with 10:33:0.15 O2:He:NO. 
 
Figure 3.28:  O2(a) yield vs. RF system 
power at 50 Torr for four discharge 
geometries with 10:33:0.15 O2:He:NO. 
Figure 3.27 and Figure 3.28 illustrate another dimension of the data discussed in Figure 3.26.  
For the same discharge configurations, pressure was held constant at 20 Torr (Figure 3.27) 
and 50 Torr (Figure 3.28) and the RF system power changed.  A 25 mm clamshell discharge 
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is added to the data set, and 13 mm discharge data was not taken at 20 Torr.  In the 50 mm 
discharge the clamshell performs better at lower pressures but worse at higher pressure.  In 
all the cases shown, the yield curves roll over and flatten at a similar input power level, but 
the power density where that occurs differs substantially between the discharges. 
The previous test series provided the motivation to purchase the 22 mm electrode gap, 
rectangular cross-section quartz discharge tube.  With its 3 mm thick walls, this tube had the 
same flow channel height as the 19 mm tubes with 1.5 mm walls.  After the rectangular 
tube’s failure, further experiments were conducted to investigate even higher pressures with 
13 mm round flow tubes.  Testing with these discharge tubes has shown a substantial benefit 
over 19 mm tubes at pressures above 50 Torr as Figure 3.29 and Figure 3.30 illustrate.  In the 
data for both figures, the flow rates are proportional to the cross-sectional area of the tubes, 
so that the flow time within the discharge is the same for a given pressure.  In Figure 3.29, 
the O2(a) yield is plotted against the RF power divided by the input oxygen flow rate, and in 
Figure 3.30, the yield is plotted versus the pressure with a constant RF power of 100 
W/mmol/s of input oxygen. 
 
 
Figure 3.29:  O2(a) yield vs. RF power 
per input oxygen flow rate for multiple 
pressures and electrode gaps / tube 
diameters.  Through the 19 mm tube, 
the flow rates were 10:33:0.14 mmol/s, 
O2:He:NO, and in the 13 mm tube, they 
were 4:13:0.08 mmol/s, O2:He:NO. 
 
Figure 3.30:  O2(a) yield vs. pressure for 
a 19 and 13 mm OD tube.  The RF 
power is held at 100 W/mmol/s of O2.  
Through the 19 mm tube, the flow rates 
were 10:33:0.14 mmol/s, O2:He:NO, and 
in the 13 mm tube, they were 4:13:0.08 
mmol/s, O2:He:NO. 
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The top and bottom data in Figure 3.29 are from the 19 mm discharge at 40 and 80 Torr, 
respectively.  The data between those curves is from the 13 mm tube.  At 40 and 60 Torr, the 
smaller tube’s performance is similar and slightly lower than the O2(a) yield in the 19 mm 
tube.  At 80 Torr, the yield is almost twice as high in the 13 mm tube compared to the 19 mm 
tube although it is still lower than either of the 40 Torr cases. 
Figure 3.30 shows that at pressures above approximately 50 Torr the 13 mm 
discharge tube provides higher yield than the 19 mm tube.  The benefit of the small electrode 
gap may be even more pronounced than Figure 3.30 illustrates.  The flow time within the 
discharge was held constant for these tests, but the distance between the discharge exit and 
the measurement location was also a constant.  The time for O2(a) to decay is more than 
double in the low flow rate case corresponding to the 13 mm tube.  If measurements could be 
made at the discharge exit, the 13 mm tube might appear to be even better at high pressures.  
Higher flow rates were attempted through the small discharge tubes, but large pressure drops 
within the discharge tubes were observed in these cases due to relatively large boundary 
layers in those small tubes at higher pressure.  With 10:33 mmol/s, O2:He, the discharge inlet 
pressure was about 80 Torr when the downstream pressure was only 40 Torr.  These large 
variations in discharge pressure produced results that were difficult to properly interpret, so 
the oxygen flow rates through the 13 mm discharge tubes is limited to between 4 and 6 
mmol/s of O2 with the corresponding amount of helium where the pressure drop is only 
around 10 Torr.  This series of experiments with electrode gap provided the information 
necessary to make informed decisions about a new design for concentric discharge tubes 
after the failure of both rectangular cross-section tubes. 
 
3.8. Discharge Length and Power Density 
Simulations using the BLAZE-IV [3.12, 3.13] discharge model suggested that, in the 
smaller diameter discharge tubes, the 25 cm long electrodes did not provide sufficient 
residence time for the flow within the discharge to reach an equilibrium of O2(a) production.  
Experiments with a single 19 mm diameter discharge tube supported this conclusion [3.30], 
and a long, rectangular cross-section quartz tube was fabricated to further exploit this finding 
for increased O2(a) production.  Electrodes with lengths of 25, 50, 75, and 107 cm were 
placed on this tube, and the results from several gas flow rates were measured.  The O2(a) 
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yield versus RF power is shown in Figure 3.31 for the 45 mmol/s of oxygen case.  As the 
electrode length doubled from 25 cm to 50 cm, the O2(a) yield increased by about 20%, as 
expected from modeling.  When the electrode length was increased again to 107 cm, the peak 
yield stayed almost exactly the same as the 50 cm electrode case.  Data not shown here with 
75 cm electrodes show approximately the same results as the 50 and 107 cm data.  Two other 
oxygen flow rates, 30 and 60 mmol/s, were also tested in this configuration and showed the 
effect of additional discharge length saturating beyond 50 cm.  The ratio of O2:He was held 
at 1:3.3 with approximately 0.3 mmol/s of NO, and the discharge pressure was 40 Torr.  The 
peak yield in all of those cases with electrode lengths beyond 50 cm occurred at 
approximately 80 W/mmol/s of O2.  This result is somewhat surprising considering that with 
a single tube, the peak of O2(a) production with a similar electrode gap occurs at 100 
W/mmol/s of O2 (Figure 3.29).  The volume of the electrodes filled by the discharge varies 
with power and pressure, but all the discharges filled the entire electrode volume for the 25 
cm case, so the discharge residence time was already approximately double for the 30 
mmol/s of O2 case compared to the 60 mmol/s of O2 case.  Nevertheless, when the electrodes 
were lengthened, all the varied flow rate cases showed substantial improvement.  If discharge 
residence time was the only contributing factor to O2(a) production, then three substantially 
different flow rates through the same discharge would not peak in O2(a) yield at the same 
electrode length.  However, the power density in each of those cases differed at the peak of 
O2(a) production, and the power supplies available during the testing did not allow the 60 
mmol/s of O2 case to have a power loading higher than 80 W/mmol/s of O2.  Data shown in 
Figure 3.31 along another case using 76 cm electrodes were compared to the simple model 
described in Section 3.1, and the results appear in Figure 3.32.  This model considers only 
O2(a) pumping and superelastic deactivation, oxygen dissociation, and O2(a) quenching from 
three oxygen species, and the data points presented in the figure represent a constant power 
per volume of 3.7 W/cm3 for the four discharge lengths or flow residence times.  This simple 
model predicts the behavior of the discharge reasonably well in this case.  A substantial 
improvement in O2(a) yield is shown between 25 and 50 cm while the benefit decreases 
beyond 75 cm.  The model predicts a steep, linear rise in oxygen atoms versus time, and the 
data also demonstrates that trend although the slopes are not in perfect agreement.  This data 
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and simple modeling illustrate the point that O2(a) production becomes more difficult as 
O2(a) is produced and oxygen is dissociated. 
 
 
Figure 3.31:  O2(a) yield vs. RF power 
with varying length electrodes on the 
rectangular cross-section tube.  The 
pressure is 40 Torr, and the flow rates 
are 45:150:0.3 mmol/s of O2:He:NO. 
 
 
Figure 3.32:  O2(a) yield vs. gas 
residence time in the discharge for four 
different length discharges and a simple 
model for O2(a) pumping.  The model 
assumes a 4 eV electron temperature, 
and the discharges were operating at 3.7 
W/cm3.  The flow rates were 45:150:0.25 
mmol/s O2:He:NO at 40 Torr. 
 
For the case with 25 cm electrodes, oxygen atom yield measurements were also 
performed, and the results are shown in Figure 3.33.  The oxygen atom yield does not display 
the same behavior at the measurement location as the O2(a) yield shows.  The oxygen atom 
yield increases with primary flow rates, and the peak atom yield occurs at approximately the 
same input power regardless of the flow rate.  While these measurements are accurate at the 
measurement location (46 cm downstream from the discharge exit), they may or may not be 
representative of the oxygen atoms at the discharge exit.  The decay of oxygen atoms is 
highly dependent on pressure, and the time between the discharge exit and the measurement 
varies substantially with the changing primary flow rates.  Furthermore, the decay may be 
dependent on the oxygen atom concentration which further convolutes a determination of the 
oxygen atom yield at the discharge exit. 
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For the cases of the 25 and 50 cm electrodes, the oxygen atom yield and length of the 
discharge are plotted against RF input power as shown in Figure 3.34 for the 45:150:0.3 
mmol/s of O2:He:NO case.  The shorter electrodes are filled for all power levels, and the 
longer electrodes are only filled after 3000 W.  Since the flow rates and pressure are the same 
for these two cases, the oxygen atom yields are comparable as values at the exit of the 
discharge in this case in contrast with the data from Figure 3.33.  With longer residence time 
in the discharge more oxygen atoms are produced for the same input power as Figure 3.34 
illustrates and the simple model predicts.  As the time in the discharge doubles, the oxygen 
atom yield also almost doubles. 
 
 
Figure 3.33:  Oxygen atom yield vs. RF 
power per input oxygen flow rate at 40 
Torr with 25 cm electrodes on the 
rectangular cross-section tube.  
Approximately 0.3 mmol/s of NO in 
each case. 
 
Figure 3.34:  Oxygen atom yield and 
discharge length vs. RF power with 25 
cm and 50 cm long electrodes on the 
rectangular cross-section tube.  The 
pressure is 40 Torr, and the flow rates 
are 45:150:0.3 mmol/s of O2:He:NO. 
 
An experiment was performed where the discharge length was held constant at 107 
cm as the input power changed.  Figure 3.35 contains these results.  This experiment was 
performed by adding a 3.8 cm electrode upstream of the main 107 cm electrodes and 
powering it with a relatively small amount of RF power.  This additional “primer” discharge 
caused the primary discharge to fully fill the electrodes regardless of the primary input 
power.  In this case, the primer discharge had 500 W applied to it, and all the remaining 
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power was applied to the primary discharge.  As Figure 3.35 shows, the discharge did not 
completely fill the electrode volume on its own until 4200 W had been provided.  With the 
primer discharge engaged, the discharge always filled the entire volume.  For this case of 
45:150:0.3 mmol/s, O2:He:NO at 40 Torr, the increased discharge volume provided no 
benefit although the discharge volume was only substantially different below 2000 W where 
the O2(a) yields are low.  Nevertheless, this concept for using a higher power density 
discharge upstream of a higher power, lower power density, and longer residence time 
discharge proved to be valuable and will discussed in the next section. 
 
 
Figure 3.35:  O2(a) yield and discharge length vs. RF power with 107 cm electrodes.  In 
one case the discharge length is allowed to change, and in the other, it is held at the full 
electrode length using an upstream “primer” discharge.  The pressure is 40 Torr, and 
the flow rates are 45:150:0.3 mmol/s of O2:He:NO. 
 
3.9. High Flow Rate Discharge Configurations 
After the edge-welded rectangular quartz tubes failed, another, more robust, discharge 
had to be created in order to continue laser testing.  A manifold to connect a series of six, 19 
mm tubes to the laser cavity was created to replace the rectangular tube.  Schematics of each 
of the discharge configurations discussed in the section are shown in Section 2.4.  
Comparisons between these two discharge tube configurations are shown in Figure 3.36.  
The O2(a) and oxygen atom yields are plotted versus RF power.  Initially, 50 cm electrodes 
were applied to the series of tubes, but the tubes did not appear to be receiving a uniform 
distribution of the power.  The visible air glow in the tubes was clearly uneven.  The 
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measurement of O2(a) yield was slightly lower than the value from the rectangular tube.  
Experience with the experiments described by Figure 3.35 and other work using multiple 
discharges on a single flow tube [3.20] suggested that in order to combat the non-uniformity 
problem, a second discharge could be added upstream of the primary 50 cm electrodes.  This 
second discharge used 15 cm electrodes and was powered by a separate matching network 
and RF generator.  A seemingly high power of 2000 W was required on the primer to evenly 
light all the discharge tubes.  Once this was accomplished, the O2(a) yield increased slightly 
beyond the yield from the rectangular tube as Figure 3.36 illustrates.  The oxygen atoms for 
these three cases are also shown as a function of RF power.  The oxygen atoms are lower in 
both configurations using the six circular tubes compared to the rectangular tube.  The larger 
wall surface area in the circular tubes may result in more atom recombination. 
 
 
Figure 3.36:  O2(a) and oxygen atom yields vs. RF Power for several discharge 
configurations.  The flow rates were 45:150:0.25 mmol/s, O2:He:NO at 40 Torr in each 
case. 
 
 When the ElectricOIL system grew to higher flow rates to power the large gain length 
nozzle in Cav7, a new discharge configuration needed to be developed as a series of twenty, 
19 mm tubes is not an ideal solution.  As discussed in a previous section, RF discharges in 
alumina tubes produce O2(a) similarly to the quartz tubes, so a rectangular cross-section 
alumina tube was commissioned to replace the quartz tubes.  Discharge pressures in the new 
system were predicted to be approximately 50 Torr, so an alumina tube with a 19 mm 
65 
 
electrode gap and 16 mm flow channel height was selected based on the results from Section 
3.7.  All of the data acquired with that tube is presented in the next three figures, because the 
tube failed on its second test day.  While alumina appeared theoretically superior to quartz 
from a materials perspective, the rectangular cross-section quartz tubes survived for many 
more test series than the alumina.  A vacuum-friendly discharge configuration had to be 
found that would facilitate the desired higher flow rates.  Xin and Hall utilized a concentric 
electrode configuration for a transverse RF discharge driving a CO2 laser [3.31], so that type 
of discharge was selected for the next series of experiments.  The initial configuration for 
these tests consisted of a 25 mm diameter aluminum tube centered in a 50 mm quartz tube 
with copper foil wrapped around it.  The copper foil was driven at high voltage, and the 
center aluminum tube was grounded.  This configuration produced O2(a) at 50 Torr, and the 
yield was encouraging enough to design a better concentric discharge.  Additionally, the 
grounded aluminum electrode melted, thereby ending the test.  The improved concentric 
electrode discharge contained a water-cooled inner electrode and a quartz tube surrounding 
that electrode to increase the discharge’s stability by adding capacitance between the 
electrode and the gas flow.  Two versions of the concentric electrode discharge were 
fabricated.  The electrode gap was 16 mm in the first water-cooled design and 11 mm in the 
second version designed to produce more O2(a) at higher pressure. 
 With the success of the primer discharge illustrated in Figure 3.36, a similar 
configuration was tested with the 16 mm gap concentric discharge.  A constant primer power 
of 2000 W was applied in each case with a primer, and the electrode length decreased to 
increase the power density.  Figure 3.37 shows the O2(a) yield and oxygen atom yield versus 
total input RF power including the 2000 W from the primer.  The yield of O2(a) is improved 
by adding at least an 11 W/cm3 primer discharge.  The oxygen atom yield at the 
measurement location is clearly lower with any primer discharge compared to the case 
without a primer, but no obvious trend exists in this data between oxygen atoms and primer 
power density.  Similar data was taken with the 11 mm electrode gap concentric discharge, 
and the results are contained in Figure 3.38 showing that the addition of primer power also 
increased the O2(a) yield in this case.  Increasing the primer power density beyond 11 W/cm3 
provided an improvement in O2(a) production in the 11 mm case, but the high power density 
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of 48 W/cm3 was not attempted in the 16 mm discharge.  Increasing the primer power in this 
case also clearly reduced the oxygen atom yield. 
 
 
Figure 3.37:  O2(a) yield and oxygen atom yield vs. RF power for the 16 mm concentric 
discharge.  The primer power was constant at 2000 W, but the length of that discharge 
changed for each case.  Flow rates of 45:150:0.2 mmol/s of O2:He:NO at 50 Torr. 
 
Figure 3.38 also contains data from a test where the primer discharge stayed constant and the 
primary discharge increased in length by about 50%, reducing the primary power density by 
that same amount for a given input power.  A marginal improvement may be evident, but a 
substantial decrease in oxygen is shown to correspond to the lower primary power density 
case.  For this comparison with constant primary power density and decreased primary power 
density, the O2(a) yield and oxygen atom yield were measured as a function of NO flow rate.  
Consistent with Figure 3.38, Figure 3.39 shows significantly lower oxygen atoms with the 
lower power density primary discharge.  The higher power density discharge provided 
slightly higher O2(a) yields for the power provided in Figure 3.39, but as Figure 3.38 shows, 
more power can be added to the longer electrodes increasing the O2(a) yield.  As expected, 
the addition of NO drastically reduces the number of oxygen atoms, and as in Figure 3.6, the 
O2(a) yield increases by about 15% for this discharge configurations. 
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Figure 3.38:  O2(a) yield and oxygen 
atom yield vs. RF power for the 11 mm 
concentric discharge.  The low power 
density primer had 900 W into a 7.6 cm 
long discharge, while the high power 
density primer had 1300 W into a 2.5 
cm long discharge.  Flow rates of 
45:150:0.2 mmol/s of O2:He:NO at 50 
Torr. 
 
Figure 3.39:  O2(a) yield and oxygen 
atom yield vs. NO flow rate for the 11 
mm concentric discharge.  The primer 
discharge had 1300 W into a 2.5 cm 
long discharge, and the primary 
discharge was set to 3200 W.  Flow rates 
of 45:150:0.2 mmol/s of O2:He:NO at 50 
Torr. 
 
 With these concentric discharges operational, data was collected in an attempt to 
compare all of the high flow rate discharge arrangements.  The rectangular cross-section 
quartz and alumina tubes failed before the potential benefits of the primer discharge were 
applied to their geometry, so the data in the next three plots represents the best cases for each 
discharge for the conditions given.  Conceivably, the rectangular discharges could have been 
improved, but their poor vacuum system performance suggests that future studies with them 
are unlikely.  Table 3.1 summarizes the dimensions of each of the discharge tubes discussed 
in this section. 
Table 3.1:  Summary of high flow rate discharge tube dimensions. 
 
Configuration Material
Electrode 
Gap
Wall 
Thickness
Channel 
Height
Width / Outer 
Diameter
Height / Inner 
Diameter
Cross‐sectional 
Area
[mm] [mm] [mm] [mm] [mm] [mm2]
Rectangular Quartz 22 3 16 75 16 1200
6 Round Tubes Quartz 19 1.5 16 16 ‐ 1206
Rectangular Alumina 19 3 13 70 13 910
Concentric Quartz 16 4.5 11.5 52 29 1463
Concentric Quartz 11 3.5 9 53 35 1244
Gas Flow Channel Dimensions
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Figure 3.40 and Figure 3.41 show the O2(a) yield versus input RF power at 50 and 80 Torr, 
respectively for several discharge configurations.  The 22 mm electrode gap, rectangular 
quartz tube performs the worst at 50 Torr while the group of 19 mm tubes with a primer 
discharge performs significantly better.  At 50 Torr, the 16 mm concentric discharge 
produces the highest O2(a) yield, but the 11 mm concentric discharge performs only slightly 
worse.  At 80 Torr, no data was acquired using the rectangular quartz or six tube discharges, 
but previous data suggests that their performance would have been poor.  At this pressure, 
the 11 mm concentric discharge produces higher yields than the 16 mm concentric, and as 
expected all the yields are lower at 80 Torr than at 50 Torr. 
 
 
Figure 3.40:  O2(a) yield vs. RF power 
for five discharge configurations at 50 
Torr.  Flow rates of 45:150:0.2 mmol/s 
of O2:He:NO. 
 
Figure 3.41:  O2(a) yield vs. RF power 
for three of the discharge configurations 
from Figure 3.40 at 80 Torr.  Flow rates 
of 45:150:0.2 mmol/s of O2:He:NO. 
 
All of the same discharges that are compared in Figure 3.40 are compared in another way in 
Figure 3.42.  The O2(a) yield is shown versus pressure for a fixed input power of 4000 W.  
The general trend that the yield decreases with pressure is true for all the discharge 
configurations, but the slope of this decay clearly changes with electrode gap.  The yield 
from the 22 and 19 mm gap discharges falls sharply with pressure while the most gradual 
slope occurs in the 11 mm concentric discharge. 
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Figure 3.42:  O2(a) yield vs. pressure at 4000 W for the same discharge configurations 
from Figure 3.40.  Flow rates of 45:150:0.2 mmol/s of O2:He:NO. 
 
The point that both high O2(a) yields and high power carried by O2(a) are required for 
efficient ElectricOIL operation has been reiterated throughout this section.  Figure 3.43 
shows promising results of O2(a) yield and O2(a) power versus the flow rate of oxygen for 
three of the discharges.  The diluent ratio was fixed at 1:3.3 O2:He, and the RF power was 
100 W/mmol/s of O2. 
 
Figure 3.43:  O2(a) yield and power carried by O2(a) vs. input oxygen flow rate for three 
discharge configurations.  The pressure increased proportionally to the flow rate.  The 
ratio of O2:He was held at 1:3.3 with 0.25 mmol/s of NO and 100 W/mmol/s of O2. 
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The pressure in the discharge increased proportionally to the total flow rate and is displayed 
along with the oxygen flow rate.  The O2(a) yield decreases as that pressure increases, but the 
O2(a) power continues to increase because the oxygen flow rate is also increasing.  The 19 
mm and 16 mm discharges show the O2(a) power rolling over at 50 and 60 mmol/s of O2, 
respectively, but the 11 mm concentric discharge displays a linear increase in O2(a) power up 
to at least 65 mmol/s of O2.  For this reason, the 11 mm electrode gap concentric discharge 
was selected for use with Cav7, and three identical discharges units were fabricated to 
accommodate the necessary flow rates.  A subsequent section will discuss the results of that 
integration to produce high O2(a) power. 
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4. Nitrogen diluted ElectricOIL 
After the initial success of ElectricOIL with O2(a) produced in an oxygen-helium 
discharge, a series of tests were conducted to produce O2(a) for pumping iodine in a 
discharge containing air or a gas mixture of 20% oxygen and 80% nitrogen.  Initial 
experiments utilized a pulser-sustainer discharge, but only RF discharge experiments 
produced encouraging results.  Helium diluent was required with the air in the discharge to 
produce sufficient O2(a) yields although the efficiency compared to the oxygen-helium 
discharge was greatly reduced with the addition of nitrogen.  Preliminary theories suggested 
that excited nitrogen molecules might play a beneficial role in pumping I*, but experiments 
showed no substantial advantage.  The nitrogen absorbed discharge power and increased the 
pressure in the discharge for a given oxygen flow rate.  Nevertheless, positive gain was 
recorded and laser power was extracted from the system.  While an air-helium discharge 
might be slightly logistically easier to operate in an ElectricOIL system, the performance 
degradation probably renders this demonstration interesting but ultimately not useful. 
 
4.1. Discharge Investigations 
A series of experiments focusing on the production of O2(a) from air were performed 
initially employing a pulser-sustainer discharge.  The experimental setup for the pulser-
sustainer experiments is the same as the one described in Section 3.3.  Figure 4.1 shows the 
results from two tests with the pulser-sustainer configuration.  The addition of helium equal 
to the amount nitrogen in the air provided an improvement in O2(a) yield although the yield 
is quite low.  In order to directly compare the results from the pulser-sustainer to the RF 
discharge, another set of experiments was performed using the hollow cathode electrodes for 
the RF discharge.  The capacitive band was removed during these tests, and the results are 
also shown in Fig. 4.1.  Without helium diluent, the results are similarly poor for both the 
pulser-sustainer and the RF discharges, but with even a small amount of helium added to the 
flow, the RF discharge produced more O2(a) and had a more promising slope of O2(a) yield 
versus input power.  Other experiments using the pulser-sustainer were also discouraging for 
reasons discussed in Section 3, so the efforts to produce an oxygen-iodine laser using air with 
the pulser-sustainer discharge were discontinued, and all the ElectricOIL team’s work 
focused on the RF system.  Another group at Physical Sciences Inc. (PSI) performed 
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experiments using microwave discharges containing oxygen, nitrogen, helium, and NO to 
produce an oxygen-iodine laser, and their work is summarized in reference 4.1. 
 
 
Figure 4.1:  O2(a) yield vs. power for the pulser-sustainer and radio frequency (RF) 
discharges using hollow cathode electrodes at 12.5 Torr.  The flow rate was 15 mmol/s 
of air or 15:12 mmol/s, air:He. 
 
As Fig. 4.1 indicates, helium diluent and the RF discharge both improved the O2(a) yield for 
a given power input, so data was collected varying these two parameters.  Figure 4.2 contains 
the results.  A constant NO flow of 0.15 mmol/s was added to each case in Fig. 4.2, and the 
discharge operated in the hollow cathode configuration at 12.5 Torr.  The discharge 
production of O2(a) was enhanced by the addition of this small proportion of NO as 
described in section 3.2.  The NO significantly reduces the concentration of atomic oxygen 
which has been shown to quench both O2(a) the ultimately desired I* state [4.2, 4.3].  The 
O2(a) yield improved dramatically as the helium diluent flow increased, and for the high 
diluents ratio cases, the O2(a) yield has not yet rolled over with power at 500 W. 
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Figure 4.2:  O2(a) yield vs. power for the RF discharge using hollow cathode electrodes 
with 15:0.15 mmol/s, Air:NO at 12.5 Torr with various helium diluent flow rates. 
 
Operating at the low discharge pressure of 12.5 Torr is not desirable for laser 
operation, so a subsequent set of experiments was performed in which the input power was 
held constant at 700 Watts while the pressure in the discharge was varied over a wide range 
as shown in Fig. 4.3.  Previous experiments with oxygen and helium discharges have shown 
that the hollow cathode discharge is not ideal for operation at high pressure [4.4].  The data 
in Fig. 4.3 and the rest of the data in this section comes from a clamshell RF discharge 
around a 50 mm diameter flow tube.  In both cases of 1:1 Air:He (with and without NO), the 
yield decreases as the pressure increases, but in the 1:4 Air:He case, the yield has a peak at 
about 20 Torr and does not fall sharply until the pressure is higher than 60 Torr.  The RF 
power was held constant in order to acquire this data, but other high diluent ratio experiments 
indicate that more power would be required to reach the maximum O2(a) yield with increased 
helium in the flow.  Figure 4.4 shows the O2(a) yield as a function of the input air flow rate.  
Two diluent ratios, 1:1 and 1:4 Air:He are shown, and the power, NO flow rate, and pressure 
were held constant at 700 W, 0.15 mmol/s, and 20 Torr, respectively.  Even at constant 
pressure, the decreasing slope of the two curves is expected as the power per input oxygen is 
decreasing as the flow rate increases. 
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Figure 4.3:  O2(a) yield vs. pressure 
using a clamshell RF discharge at 700 
W.  Flow rates in mmol/s are shown in 
the figure. 
 
Figure 4.4:  O2(a) yield vs. air flow rate 
with constant discharge power of 700 
W, NO flow rate of 0.15 mmol/s, and 
pressure of 20 Torr.
These data suggested that the RF power input needed to be increased in order to 
maximize the O2(a) yield under conditions having a ratio of air to helium of 1:4 or higher.  As 
such, measurements were made of the O2(a) yield and oxygen atom yield as a function of 
input RF power for a 1:4 air to helium mixture ratio, and these results are presented in Fig. 
4.5.  The flow of oxygen in this test is 3 mmol/s, and the yield may still be increasing after 
1600 W of input power. Compared to other results from experiments with primarily oxygen 
and helium in the discharge (Fig. 3.29 for example), this power per input oxygen flow rate of 
533 W/mmol/s is extremely high.  This finding indicates that a large amount of the power is 
absorbed somewhere other than the oxygen, such as excited nitrogen states.  Many additional 
excited species are produced in this gas discharge due to the presence of N2 in the gas mixture, 
and a strong N2(B→A) band around 1220 nm grows significantly in strength as the discharge 
power is increased.  At high powers this N2(B→A) spectrum overwhelms the O2(a) spectrum 
thereby making it progressively more difficult to analyze the O2(a) yield data as the input 
power increases.  The work cited previously by PSI contains further information about the N2 
emissions. 
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Figure 4.5:  O2(a) yield and oxygen atom yield vs. power for 15:60:0.1 mmol/s of 
Air:He:NO at 20 Torr. 
 
Interestingly, typical gas temperatures measurements downstream from the discharge are 
significantly higher (as much as 50-100 K) with O2-He gas discharges than with these air-He 
discharge gas mixtures.  These measurements indicate that large amounts of power are being 
absorbed and retained by excited N2 states (likely vibrational), and that the energy is not being 
thermalized as heat into the flow.  The O2(a) yield and oxygen atom measurements from this 
test were sufficiently encouraging to introduce iodine into the system. 
BLAZE-IV simulations were performed for these flow conditions and O2(a) yields.  
In order to simulate the performance of the O2-N2 discharge component of an electric 
nitrogen-oxygen-iodine laser device, 17 species and 119 reactions were added to the 
BLAZE-IV model [4.5].  These computations also indicated lower flow temperatures with N2 
in discharge gas mixture and that this magnitude of yield should be sufficient for gain and 
lasing in experimental configuration. 
 
4.2. Gain and Laser Experiments 
The supersonic laser cavity referred to as Cav5 and described in Section 2.5 was 
employed for the gain and laser tests with products from the air-helium discharge.  Iodine 
and chilled nitrogen could be mixed with the gases from the discharge upstream of the Mach 
2 expansion.  Downstream of the throat, the IodineScan diagnostic utilized a single, 5 cm 
pass configuration through windows on the sides of the cavity.  When using the gain 
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diagnostic, the windows were wedged and anti-reflection coated to minimize etalon effects.  
Mirrors replaced the windows in the same location for the laser power trials.  Two mirrors 
with 2 m radius of curvature, purchased from Advanced Thin Films (ATF), formed a stable 
optical cavity. Measurements of transmission, T, indicated a transmission of 0.003% ± 
0.001%.  Direct measurements of mirror reflectivity, R, and absorption/scattering, AS, were 
unavailable, but previous reflectivity measurements of similar mirrors indicated that a 
fraction of the remainder of 1-T is in AS losses for similar high reflectivity mirrors.  Thus, 
the mirrors each had a reflectivity of approximately 99.996% ± 0.001%.  The mirrors were 
separated by approximately 34 cm.  An Infrared (IR) Detection Card from New Focus, 
Model 5842, with response between 800-1600 nm, was also used to observe the intensity 
profile of the beam. 
Several flow conditions were found that resulted in positive gain using the RF 
discharge configuration.  A typical set of conditions are 3.0 mmol/s of O2 mixed with 12.0 
mmol/s of N2 to create approximately 15.0 mmol/s of dry air which is diluted with 
75.0 mmol/s of He and 0.1 mmol/s of NO.  A secondary stream of approximately 0.040 
mmol/s of I2 with 12.0 mmol/s of secondary He diluent was injected 27.3 cm downstream 
from the exit of the discharge.  A tertiary flow of 155 mmol/s of cold N2 gas (≈120 K) was 
injected further downstream to lower the temperature and to raise the pressure in order to 
improve the performance of the nozzle with the vacuum pumping system.  The pressures in 
the subsonic diagnostic duct and in the supersonic diagnostic cavity were 44 and 2.0 Torr, 
respectively.  Gain measurements were conducted for the above flow conditions at 1750 W 
of RF discharge power and are shown in Figs. 4.6 and 4.7 with a peak of 0.0062 %/cm at line 
center with a 5 cm path length.  The lineshape indicates a temperature of approximately 180 
K.  Figure 4.6 also shows the important effect of NO for this laser system.  Optical gain 
occurs with NO in the discharge gas mixture, but only optical absorption is present when NO 
is removed from the mixture.  Figure 4.7 shows the gain as a function of RF power.  
Interestingly, as the RF power is reduced below approximately 900 W only optical 
transparency is observed rather than absorption.  This phenomenon may be due to a lack of 
molecular iodine dissociation (and hence little or no atomic iodine) at this point due to O 
atoms being reduced by both the presence of NO through a cyclic recombination and through 
three-body recombination of O atoms at the higher pressure of 44 Torr for these cases.  This 
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hypothesis is supported by Fig. 4.6 which shows absorption when the NO was removed from 
the discharge gas mixture. 
 
 
Figure 4.6:  Gain lineshape in the 
supersonic cavity as a function of probe 
beam scan frequency with and without 
0.1 mmol/s of NO in the discharge gas 
mixture. Discharge power was 1500 W. 
 
Figure 4.7:  Gain in the supersonic 
cavity as a function of RF discharge 
power.  The flow rates through the 
discharge were 3:12:75:0.1 mmol/s 
O2:N2:He:NO with 0.040 mmol/s of I2 
injected downstream.
 
The laser resonator was subsequently installed around the supersonic cavity.  For the 
above flow conditions and 1500 W RF power, a laser output power of 32 mW was obtained.  
The beam shape was a rounded rectangle with a length of about 1.9 cm (the same as the clear 
aperture of the mirror mounts) and a height of approximately 1.1 cm.  For reference, the 
initial measurement of laser action using an electrically driven oxygen-iodine laser with a 
supersonic laser cavity at 1.3 Torr produced 220 mW [4.7]. 
The O2(a) yields produced in the RF discharge proved to be sufficient for laser power 
extraction, but no benefit was observed from N2 passing through the discharge.  In subsonic 
and supersonic microwave-driven reactors, O2(a) yields for a given air mole fraction were the 
same as those observed for the equivalent mole fraction of O2 in O2/He mixtures [4.1].  Also 
in those experiments, less I* excitation for the air/He case and possibly increased I* loss were 
observed.  Although N2 discharge products were observed to give a small degree of I* 
excitation, the primary role of N2 in the air/He discharge system appears to be as a largely 
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unreactive diluent in both the O2(a) production and the I* excitation/deactivation chemistry.  
Thus the use of air instead of O2 to feed an ElectricOIL system would require operation at 
significantly higher pressures and flow rates to make up for the N2 dilution effects.  Potential 
operational logistics make the use of air rather than O2 an interesting option, but the tradeoffs 
in efficiency and performance need to be carefully assessed. 
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5. Gain Recovery 
Early in the ElectricOIL development, relatively high yields of O2(a) were created 
resulting high power stored in the O2(a), but that power did not translate to the anticipated 
output laser power.  The known iodine kinetics predicted significantly more power should be 
extracted from the iodine.  The BLAZE-V model also predicted that the laser power should 
be significantly higher than the measurements showed [5.1].   Three possible sources for this 
problem were identified as:  i) potential strong non-uniformities in the gain due to the 
boundary layers in the nozzle, ii) an unknown chemical kinetic process slowing the power 
extraction process, or iii) optical losses.  However, spatial gain profile measurements were 
performed in both the vertical nozzle dimension and the flow direction, and the gain was 
shown to be relatively uniform [5.2].  Optical losses are discussed in other papers but are 
likely not the sole cause of the reduced power measurements [5.3].  An unknown kinetic 
process appears to be a possibility as the oxygen and iodine reactions were originally applied 
to classic COIL.  ElectricOIL has many species such as oxygen atoms and NO that are not 
present in classic COIL, and these species could be playing a role in the I* pumping process.  
A basic review of the iodine kinetics in oxygen-iodine lasers is presented to provide a 
background for the discussion of gain recovery.  Experiments that will be discussed 
demonstrated that the gain does recover to equilibrium slower than expected from the 
standard iodine pumping rates.  A simple time-dependent model is also employed to show a 
potential mechanism that would explain the slow gain recovery using unidentified species, M 
and M* (an excited state of M). 
 
5.1. Iodine Kinetics in ElectricOIL 
Once sufficient O2(a) has been produced in the electric discharge as discussed in 
Section 3, the energy must be transferred to the iodine.  The key relationship for this process 
is the equation for the equilibrium rate determined from the forward and backward rates of 
the pumping reaction between O2(a) and I*.  Equation 1.5 is composed of its forward and 
backward components and shown as Eqns. 5.1a and 5.1b along with the corresponding rate 
constants.  The rates were established by Van Marter et al., and they found that the T1/2 
dependence provided the best agreement with available data [5.4, 5.5]. 
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 O2(a) + I → I* + O2 k1f = kforward = 6.3 x 10-12 (T1/2) cm3/s (5.1a)  
 
 O2 + I* → I + O2(a) k1b = kbackward = 8.4 x 10-12 (T1/2) exp(-403/T) cm3/s (5.1b) 
 
Ignoring secondary processes such as those involving oxygen atoms which quench I*, the 
time rate of change of [I*] due to Eqn. 5.1 is given by Eqn. 5.2.  This assumption that few 
oxygen atoms remain in the nozzle portion of ElectricOIL is believed to be valid as the 
addition of NO to the discharge converts most of the oxygen atoms that are not required for 
molecular iodine dissociation back to molecular oxygen. Throughout this section, quantities 
in square brackets represent the number density of that quantity.   
 
 *]][[])][([*][ 2121 IOkIaOkdt
Id
bf   (5.2) 
 
At steady-state equilibrium, Eqn. 5.2 can be rearranged to produce Eqn. 5.3 for the 
equilibrium constant for the energy transfer between O2(a) and I*. 
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Both the upper and lower laser states, I*(2P1/2) and I(2P3/2), are spin-orbit split states which 
produces a hyperfine structure.  Six hyperfine components exist, but lasing only occurs on 
the highest gain transition which corresponds to the 2P1/2(F’=3) → 2P3/2(F’’=4) component 
[5.6].  The degeneracy of the hyperfine states is given by, g = 2F+1, so gu = 7 and gl = 9 for 
the upper and lower states.  The system is further complicated by the fact that if the hyperfine 
levels are populated statistically, then [I*(F’=3)] = 7/12 [I*] and [I(F’’=4)] = 9/24 [I] [5.7].  
Therefore, the gain of the system, go, can be given by Eqn. 5.4. 
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When the constant is evaluated for an iodine transition at 1315 nm, the stimulated emission 
cross-section, , is given by Eqn. 5.5 [5.8]. 
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Equation 5.4 illustrates that optical transparency (neither gain nor loss) occurs for this laser 
with [I*] = 0.5 [I], so the yield for this condition can be found from Eqn. 5.3.  Rearranging 
the expression provides the optical transparency yield, YOT, as a function of Keq1 or 
temperature as shown in Eqn. 5.6. 
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This expression for YOT is plotted in Fig. 5.1.  Gain in an oxygen-iodine laser system requires 
significant O2(a) yields and low flow temperatures. 
 
 
Figure 5.1:  Optical transparency O2(a) yield a function of temperature based on Eqn. 
5.6.  The O2(a) yield required to achieve positive gain decreases significantly as 
temperature is reduced. 
 
At room temperature (~300 K), an O2(a) yield of approximately 15% is required to achieve 
positive gain ([I*] > 0.5 [I]).  Thus early COILs [5.9, 5.10], which were room temperature 
devices required O2(a) yields of ~15% or greater, and were scaled in power by increasing the 
gain length.  However, the kinetics of the pumping reaction establish that the O2(a) yield 
required for optical transparency decreases significantly with temperature, so early in the 
development of COILs, supersonic nozzles were used to expand the flow to lower 
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Further gain recovery tests were performed in the larger Cav6 configuration.  This 
laser cavity has a 50% longer gain length than Cav4, and the hardware produced for the gain 
recovery experiments allowed interrogation of the gain medium further downstream of the 
resonator.  Just as in the Cav4 experiments, 2.5 cm diameter laser mirrors were used to create 
the resonator.  Figure 5.3 shows both a photograph of the gain recovery experiment and a 
schematic of the diagnostics arrangement.  The picture shows the two gain diagnostic probe 
beam launches.  One is fixed upstream of the resonator, and the other is attached to a 
micrometer for precise movements.  In order to improve the gain recovery data, the laser 
resonator was sequentially tuned and detuned for each downstream measurement location.  
This technique improved the quality of gain recovery data by ensuring that the gain without 
the resonator stayed approximately constant. 
 
 
(a) 
 
(b) 
Figure 5.3:  Setup used to measure recovery of gain downstream of an active resonator 
in ElectricOIL Cav6:  (a) photograph of probe beam launches and optical mount and 
(b) diagram of diagnostic setup (not to scale). 
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In addition to those experiments where gain recovery data was the only goal, several gain 
recovery data points were acquired during laser testing with Cav7 which has a gain length of 
three times that of Cav6.  A summary of the flow conditions from these gain recovery 
experiments is provided in Table 5.1.  The flow rates, pressures, and temperature in the 
nozzle are given for each of the six cases.  In the testing with Cav4 and Cav6, high 
reflectivity mirrors were utilized, so the output power is low in those cases.  However, the 
Cav7 testing occurred downstream of 5 cm diameter mirrors with lower reflectivity.  The 
table also provides the gain upstream of the resonator for each case and the extracted laser 
power.  In case 1, the tertiary nitrogen was intentionally not fully chilled in an effort to 
determine a temperature dependence for the gain recovery.  The three cases with Cav6 have 
varied NO flow rate with most other parameters held constant, and the Cav7 case was 
intended for high output power. 
 
Table 5.1:  Summary of gain recovery experimental flow conditions. 
 
 
The gain data for the six cases listed in the table are shown in Fig. 5.4 with the colors in the 
table representing the data sets in the figure.  Each case has its own data marker shape and 
color, and the data acquired with the resonator detuned are shown in Fig. 5.4a while the laser 
tuned cases are shown in Fig. 5.4b.  The yellow line at zero mm indicates the downstream 
edge of the resonator.  Cases 1 and 2 do not have comparable data from the detuned instance.  
In case 6 with the high laser output power, no data could be collected within a few 
centimeters of the resonator.  In some of the cases, the gain recovers to almost the same level 
as the data without the resonator, but depending on the power extraction, the gain should not 
necessarily rise all the way back to that point. 
Case
Laser 
Cavity
Gain 
Length
Tertiary 
Flow 
Rate Temp. R1 x R2
Upstream 
Measured 
Gain
Laser 
Power
[cm] [mmol/s] [K] [%/cm] [W]
O2 He NO  I2 He N2 Discharge Nozzle Nozzle
1 Cav4 5.05 7 33 0.05 0.02 20 50 24 2.3 164 0.99992 0.011 0.85
2 Cav4 5.05 7 33 0.05 0.02 20 74 20 2.5 115 0.99992 0.044 1.8
3 Cav6 7.6 45 150 0.05 0.30 38 306 55 4.0 138 0.99992 0.140 9.6
4 Cav6 7.6 45 150 0.26 0.38 38 297 49 4.1 133 0.99992 0.217 4.4
5 Cav6 7.6 45 150 1.20 0.36 39 306 57 4.0 130 0.99992 0.096 3.2
6 Cav7 22.9 135 450 0.90 1.30 150 930 47 3.0 124 0.98300 0.190 199
Primary Flow 
Rates
Secondary 
Flow Rates Pressure
[mmol/s] [mmol/s] [Torr]
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(a) 
 
(b) 
Figure 5.4:  Gain vs. position for the six cases listed in Table 5.1.  Each case has its own 
color and data marker shape.  a) contains the data from the laser detuned case, and b) 
contains the data acquired downstream of the active laser resonator.  The nozzle throat 
is located at -72 mm, and the downstream edge of the laser mirrors is highlighted in 
yellow. 
 
5.3. Simple Time-Dependent Gain Recovery Model 
A simple, time-dependent model can be created to analyze and understand this gain 
recovery data.  The simplest form of this model starts with Eqn. 5.2 to determine how the 
density of I* changes with time using the known rates for that reaction.  As discussed with 
Eqn. 5.2, an assumption of no losses is required for this model.  The gain at each time is 
calculated from Eqns. 5.4 and 5.5, and the initial gain is based on the saturated gain level 
given by Eqn. 5.7. 
 



 21
1ln
2
1
RRl
go  (5.7) 
 
With the gain at the trailing edge of the resonator determined by the product of the mirror 
reflectivities and the gain length, the initial density of I* can be found using Eqns. 5.4, 5.5, 
and 5.8. 
 ][2*][][ 2IfII   (5.8) 
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By conservation of mass, the sum of [I] and [I*] must be equal to the amount of dissociated 
iodine in the system.  The dissociated fraction, f, was assumed to be 1 in all of the cases 
except case 5 with the high NO flow rate.  A simple time-stepping model calculated the gain 
as a function of time which was converted to gain as a function of distance using the 
calculated flow velocity.  Figure 5.5 shows the results from this model along with the data 
from case 4.  As mentioned previously, the data does not recover to the equilibrium value as 
quickly as the standard rates predict.  If the standard rates are divided by approximately 3.5, 
then the model matches the data well showing that the gain reaches the equilibrium value 
around 30 mm downstream from the resonator.  However, simply reducing the generally 
agreed upon rates by a significant factor to make them match the data is not a particularly 
acceptable explanation. 
 
 
Figure 5.5:  Gain vs. position for the case 4 data and two versions of the simple model.  
The results for the standard rates and the standard rates divided by 3.5 are shown. 
 
One suggested explanation for the slow gain recovery was an unknown 3-body 
reaction that acts along with the reaction shown in Eqn. 5.1.  This potential reaction where M 
is some unknown species is given as Eqn. 5.9. 
 
 O2(a) + I +M ↔ O2 + I* + M (5.9) 
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Combing both of these reactions produces Eqns. 5.10 and 5.11 for the change of I* and O2(a) 
with time, respectively. 
 
 ]*][][[]][)][([*]][[])][([*][ 29292121 MIOkMIaOkIOkIaOkdt
Id
bfbf   (5.10) 
 
 
]*][][[]][)][([*]][[])][([)]([ 292921212 MIOkMIaOkIOkIaOkdt
aOd
bfbf   (5.11) 
 
Adding reaction 5.9 to the simple model does not improve the situation as far as matching the 
data, and the results are also shown in Fig. 5.6.  The addition of this reaction only allows the 
model to fit either the initial slope or the equilibrium gain.  Regardless of the rates of that 
reaction or the concentration of M, both conditions cannot be satisfied in the simple model.  
The case where the equilibrium gain is attained cannot be distinguished from the standard 
rates, and when the initial slope matched the data, the equilibrium gain was not matched. 
 
 
Figure 5.6:  Gain vs. position for the case 4 data and the simple model with the 3-body 
reaction in Eqn. 5.9 added to the standard reactions. 
 
Another species and its excited state could be involved in the transfer energy between 
O2(a) and I* resulting in the slower than predicted gain recovery.  This mechanism might 
look like Eqns. 5.12 through 5.14 where again M is some unidentified species, and M* is an 
excited state of that species. 
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 O2(a) + I ↔ O2 + I* (5.12) 
 
 M* + I ↔ M + I* (5.13) 
 
 O2(a) + M ↔ O2 + M* (5.14) 
 
The new time rate of change equations for the model are given in Eqns. 5.15 through 5.18. 
 
 
*]][[]*][[*]][[])][([*][ 1313212212 IMkIMkIOkIaOkdt
Id
bfbf   (5.15) 
 
 
*]][[])][([*]][[])][([)]([ 2142142122122 MOkMaOkIOkIaOkdt
aOd
bfbf   (5.16) 
 
 
]][[])][([*]][[]*][[*][ 2142141313 MOkMaOkIMkIMkdt
Md
bfbf   (5.17) 
 
In order to satisfy the condition that the gain reach the same equilibrium value predicted by 
Eqn. 5.12 alone, the rate constants for the other reactions are subject to the constraint given 
by Eqn. 5.18. 
 141312 eqeqeq kkk   (5.18) 
 
Initial attempts to guess reaction rates for Eqns. 5.13 and 5.14 showed promise for this set of 
reactions to match the data, so a detailed evaluation of the rates was pursued.  The density of 
M was assumed to be 1 x 1015 cm-3 which corresponds to a flow rate of approximately 1 
mmol/s of M in these cases.  This gas flow rate would not otherwise affect the system since 
the total flow rates are significantly larger.  A least squares fit between the data and the 
model for cases 3, 4, and 5 provided the rate constants for the two unknown reactions.  The 
iodine dissociation fraction in case 5 was assumed to be 0.65 because the high NO flow rate 
depleted the oxygen atoms, likely limiting the iodine dissociation.  These reaction rates were 
applied to all five cases, and the results are shown in Fig. 5.7.  The initial gain is low in all 
the cases except case 6 due to the high reflectivity mirrors employed in those cases.  This 
simple model matches the data reasonably well in all cases.  Another case of gain recovery 
data exists where the NO flow was completely removed from the system.  The model was 
unable to match that data, so it is not included in Table 5.1 or Fig. 5.6.  The basic assumption 
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for this model that no oxygen atoms are present in the nozzle is likely violated by the absence 
of NO to promote recombination back to oxygen molecules. 
 
 
Figure 5.7:  Gain vs. position for all the cases of gain recovery with both the data and 
the simple model results shown.  These data correspond to the information in Table 5.1. 
 
The reaction rates used for the simple model are provided in Table 5.2.  The reactions from 
Eqn. 5.12 are the standard rates evaluated at 135 K for reference, and a temperature 
dependence was not included for the other reactions because the temperatures were similar 
for most of the data sets.  The rates for Eqns. 5.13 and 5.14 come from the results from the 
least squares fit to the data. 
 
Table 5.2:  Reaction rates determined to provide the best fit to the data. 
Reaction Eqn. Number Forward Rate [cm3/s] Backward Rate [cm3/s] 
O2(a) + I ↔ O2 + I* 5.12 7.80 x 10-11 4.04 x 10-12 
M* + I ↔ M + I* 5.13 4.86 x 10-10 2.07 x 10-10 
O2(a) + M ↔ O2 + M* 5.14 6.98 x 10-12 6.55 x 10-13 
 
The reaction between I and M requires fast forward and backward rates.  Furthermore, the 
equilibrium yield of M* approaches 40% in some cases which for the case of a small flow 
rate of M is an inconsequential loss, but if M was a species that exists in a higher 
concentration, the loss of power to M* could be significant.  Decreasing the amount of M 
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down to the level of the flow rate of NO did not provide good results for matching the data 
unless the reaction rates were assumed to be extremely fast indicating that whatever species 
M turns out to be is more abundant than NO.  Higher concentrations of M are possible, and 
the general trend is that the reaction rates would be slower in those cases. 
 A closer look at the results from the simple model applied to cases 3, 4, 5, and 6 is 
provided in Figs. 5.8 – 5.11.  The data with the resonator tuned and detuned along with the 
model calculations for those two situations is shown along with the model results using the 
standard rates. 
 
 
Figure 5.8:  Gain vs. position for case 3 
showing data and the model for both 
the tuned and detuned resonator cases. 
 
Figure 5.9:  Gain vs. position for case 4 
showing data and the model for both 
the tuned and detuned resonator cases.
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Figure 5.10:  Gain vs. position for case 5 
showing data and the model for both 
the tuned and detuned resonator cases. 
 
Figure 5.11:  Gain vs. position for case 6 
showing data and the model for both 
the tuned and detuned resonator cases. 
 
The model agrees well with the data for all of these cases for both the tuned and detuned 
resonator cases.  In Cav7 (case 6) the relatively high gain at the exit of the resonator results 
in the standard rates and the model including M and M* to appear equally good at predicting 
the gain recovery.  The position axis in Fig. 5.11 is twice the length of the other three figures.  
In all the cases, the data and the model agree that in about 30 mm the gain has recovered to 
its equilibrium value. 
The problem of gain recovery and specifically this idea of a competing reaction 
involving M and M* has also been investigated by Palla using the BLAZE-V model [5.12].  
The conclusions drawn from the advanced model are similar to those from the simple model 
discussed here, and Fig. 5.12 shows the results from both models along with the data from 
case 4.  In both the simple model and the BLAZE results with the standard rates, the initial 
slope of the gain recovery is higher than the data, but the BLAZE results show a lower final 
gain likely due to including losses that are not present in the simple model.  Additionally, the 
BLAZE model fits the data less well than the simple model when M and M* are included for 
the rates used to produce the figure, but the BLAZE modeling was not necessarily trying to 
accomplish the goal of fitting this data.  In general, both models show that including species 
M and M* that interact with I* and O2(a) could explain the gain recovery problem if all the 
species are out of equilibrium at the exit of the resonator. 
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Figure 5.12:   Gain vs. position for case 4 and modeling results from the simple time-
dependent model and from BLAZE-V. 
 
While this model provides reasonable agreement between a wide range of gain 
recovery data, it does not necessarily help identify M and M*.  As discussed previously, the 
density of M is assumed to be 1 x 1015 cm-3 with equilibrium yields of M* as high as 40%.  
With more effort, other solutions could likely be found with different rate constants for the 
reactions between M*, I*, and O2(a) that involve either higher or lower concentrations of M 
and M*.  Candidates for M should be species that are not present in classic COIL as gain 
recovery does not appear to be a problem in that system which leaves NO and any excited 
species produced in the discharge as possibilities.  In the ElectricOIL nozzle, NO exists with 
a density of approximately 1 x 1014 cm-3, and this simple model required unrealistic rate 
constants in order to match the gain recovery data when the M density was in that range.  
Nevertheless, several transitions in NO have an energy difference of slightly less than 1 eV 
which is required for M and M*.  These possibilities include:  NO(C) → NO(A), NO(=4) → 
NO(=0), or even NO(A)(=3) → NO(A)(=0) [5.13].  The lifetime of NO(A) may be 
insufficient for it to be involved in the kinetics in the nozzle [5.14], but the NO(C) → NO(A) 
emission is observed in ElectricOIL, so some of that state is produced [5.15].  Nitrogen is 
added as a diluent downstream of the discharge in ElectricOIL and is sometimes also present 
in classic COIL, so a nitrogen state is not likely to be M although N2(=4) → N2(=0) has 
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approximately the correct energy [5.13].  Vibrationally excited states of oxygen could be 
produced in the discharge in addition to the measured electronic states, O2(a) and O2(b).  The 
density of O2 is too high for O2 to be M based on the current calculations, but different rate 
constants could potentially be found for higher M density.  The transition from O2(=5) → 
O2(=0) is possible for M* and M as well as O2(=6) → O2(=1) [5.13].  The O2(=1) state 
could be populated in the discharge producing the correct density for M, but measurements 
have not been made in the ElectricOIL system.  The density of O2(a) is roughly correct for 
M, and the O2(a)(=5) → O2(a)(=0) transition has the necessary energy difference [5.13].  
However, this reaction would not explain the difference in gain recovery between 
ElectricOIL and classic COIL unless a higher energy vibrational state of O2(a) was produced 
in the discharge.  All of these species presented have approximately the correct energy 
difference required for M and M*, but none of the densities fits well with the simple model’s 
results.  Conceivably some combination of these species could represent M and M*, but 
identifying those species or identifying new ones remains a challenge for the future. 
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6. ElectricOIL Scaling Results 
Many results from the previous sections were combined with other research in order 
to scale the ElectricOIL device to the 22.9 cm gain length Cav7 configuration.  Experiments 
with Cav6 demonstrated that the problem of gain recovery could be partially overcome by 
increasing the resonator volume to extract more laser power while also illustrating the 
benefits of longer gain length compared to Cav5.  Laser power experiments with a single, 
standard resonator between 5 cm diameter optics are compared for all three laser cavities.  
Furthermore, experiments with other resonators are discussed for the Cav7 hardware 
culminating in a maximum power output of almost 500 W.  A series of three concentric 
discharge tubes feeds O2(a) to Cav7, and experiments with those discharges have 
demonstrated almost 2500 W of power in the O2(a) state.  Finally, plots showing the 
increasing performance of ElectricOIL are presented illustrating the dramatic increases in 
laser power that have been attained by increasing the product of the gain and gain length 
(goL). 
 
6.1. Cav6 Gain and Laser Performance 
The ElectricOIL laser cavities 2 through 5 contained a 5 cm gain length and allowed 
laser power outcoupling with mirrors having a diameter of 5 cm or less.  Based on the results 
from the previous section discussing gain recovery, a laser cavity that allows more access to 
the gain region in the flow direction is desirable to maximize the power transferred from 
O2(a) to the laser.  Furthermore, a longer gain length increases the total gain of the system 
(goL) permitting the use of lower reflectivity mirrors which reduce the diffractive spill losses 
from the resonator.  The increased gain length with the same throat height additionally allows 
higher gas flow rates which increase the O2(a) power available to the system.  All of these 
system improvements were implemented in the Cav6 design.  The gain length increased to 
7.6 cm, and the portion of the nozzle available to the laser mirrors increased by 100% 
compared to Cav5.  Many different laser mirror configurations were tested in this system, 
and Fig. 6.1 illustrates them.  Each of the four portions of the figure shows the same inlet for 
the gases from the discharge, heat exchanger, and iodine and chilled nitrogen injection.  After 
the supersonic expansion, four different mirror configurations were implemented.  Either a 5 
cm or 10 cm diameter mirror in a standard resonator or a Z or X multi-pass design can be 
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tertiary flow of 312 mmol/s of cold N2 gas (≈100 K) was injected further downstream in the 
subsonic region to lower the temperature and assist iodine mixing.  The pressures in the 
discharge region and in the supersonic diagnostic cavity were 45.0 Torr and 4.0 Torr, 
respectively.  Gain was measured for the above flow conditions at a total of 4000 W of 
primary RF discharge power coupled into the flow over a discharge length of 50.8 cm.  
Figure 6.2 shows the gain at line center which peaks at 0.26 %/cm with the rectangular 
primary discharge.  For comparison, the best gain previously observed was 0.22 %/cm in 
Cav5, using four 19 mm primary discharge tubes and roughly two-thirds of the flow rates at 
53 Torr discharge pressure (4.7 Torr in the supersonic diagnostic cavity) [6.2].  Considering 
that the discharge flow conditions and discharge power per O2 molecule were approximately 
the same in both experiments, no major changes in gain for these Cav6 experiments as 
compared to the Cav5 experiments were anticipated.  However, an 18% enhancement in gain 
was observed.  Most likely improvements in flow uniformity with the rectangular discharge 
and better flow confinement in the laser cavity when using the supersonic bank blowers 
produced this improvement.  The lineshapes indicate temperatures of approximately 125 K in 
the laser cavity.  Additionally, Fig. 6.2 contains the gain data from a test utilizing the 11 mm 
electrode gap concentric discharge and an improved heat exchanger attached to Cav6.  The 
flow conditions were essentially the same as the other Cav6 data, and the gain peaked at 0.30 
%/cm [6.3].  The power extraction measurements discussed in the following paragraphs 
occurred before the concentric discharge development, so the peak gain was approximately 
0.26 %/cm for those cases. 
Laser power extraction measurements followed these gain experiments, and initially, 
a standard resonator with 5 cm diameter optics formed the laser cavity.  In the standard 
configuration, the mirrors were separated by approximately 41.9 cm and were located with 
an optical axis 7.4 cm downstream from the throat of the nozzle.  Figure 6.3 contains the data 
for both the Cav5 and Cav6 standard resonator configurations.  In Cav5, this arrangement 
was the only option.  The 54.8 W result represents a 95% improvement to laser power 
relative to the 28.1 W result from Cav5 for only a 50% increase in gain length, flow rates, 
and discharge input power.  The beam shape was rectangular with rounded corners and had a 
length of ≈ 4.45 cm in the flow direction and a height of ≈ 2.5 cm (the same dimensions as 
99 
 
the clear aperture of the mirror mounts in the flow direction and the height of the nozzle at 
the center of the beam in the vertical direction). 
 
 
Figure 6.2:  Gain lineshapes in the 
supersonic cavity as a function of probe 
beam scan frequency for the 5.1 cm gain 
length Cav5 and the 7.6 cm Cav6 
hardware with two different discharges. 
 
Figure 6.3:  Outcoupled laser power 
data as a function of the product of the 
mirror reflectivities for the 5.1 cm gain 
length Cav5 and the 7.6 cm Cav6 
hardware cases 1 – 3.  Isat = 650 W/cm2 
for these cases. 
 
Also included in Fig. 6.3 are the Rigrod curves for the two laser systems.  The 
standard Rigrod analysis is altered to include a diffractive loss term, , to better match the 
data for these extremely high reflectivity mirror cases.  The details and derivation of Eqn. 6.1 
are provided by Carroll and Verdeyen [6.4]. 
 
       
            212121212211 11222211 11ln11111 1111 rrLgrrrr rtrtAIP osatout    
  (6.1) 
 
The reflectivity of mirrors is known along with the gain, gain length, and cross-sectional area 
of the laser beam.  The mirror transmission is defined as, t = 1 – r – a, where the 
absorption/scattering loss is assumed to be a = 2 x 10-5.  This assumption of a small loss is 
used throughout this section for subsequent calculations using Eqn. 6.1.  The diffractive loss 
term can be calculated based on the description in Carroll and Verdeyen to be  = 5.6 x 10-4.  
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This calculation is based on the mirror size, aperture size, and mirror separation.  Hager 
presented a model for calculating Isat, but that model is extremely sensitive to the O2(a) yield 
which is not precisely known in the laser cavity [6.5].  From the known parameters, Isat is in 
the range of 600 – 1800 W/cm2 for these cases, and the value of 650 W/cm2 was chosen to 
match the calculated peak power to the measured power, Fig. 6.3. 
For one of the mirror combinations, gain and laser power were measured as a 
function of input RF power, and Fig. 6.5 shows these results.  The highest gain and laser 
power occur at 4 kW input, while the gain threshold occurs at 600 W, and the laser power 
threshold is near 2 kW. 
 
Figure 6.4:  Gain and laser power as a function of RF discharge input power for the 7.6 
cm gain length Cav6 hardware.  Mirrors each having a reflectivity of 0.997 and 5 cm 
diamter were used to obtain the laser data shown. 
 
After acquiring data that could be compared directly to previous results as shown in 
Figs. 6.2 and 6.3, the tests with larger volume laser resonators began.  All of the Cav6 laser 
experiments are summarized in Table 6.1 showing the mirror reflectivities, configuration, 
and laser power output.   
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Table 6.1:  Summary of Cav6 laser experiments. 
 
 
 
Figure 6.5:  Outcoupled power vs. mirror reflectivity product as a function of resonator 
configuration with Cav6 hardware.  Modeling of outcoupled power using Rigrod theory 
from Eqn. 6.1 is also shown.  The Isat values used are 650, 495, 348, and 580 W/cm2 for 
the 5 cm, 10 cm, Z, and X resonators, respectively.  
 
Figure 6.5 compares data from the four different mirror configurations as a function 
of the product of the mirror reflectivities (r1 x r2 for the configurations shown in Figs. 6.1a 
and 6.1b, and r1 x r2 x r3 x r4 for the Z and X configurations shown in Fig.s 6.1c and 6.1d).  
The Rigrod curve fit from Eqn. 6.1 for the folded resonators includes three times the gain 
Case Configuration Optic Diameter [cm] R1 R2 R3 R4 Reflectivity Product Total Power [W]
1 Standard 5 0.98960 0.99700 ‐ ‐ 0.98663 47.8
2 Standard 5 0.98960 0.99997 ‐ ‐ 0.98957 47.3
3 Standard 5 0.99700 0.99700 ‐ ‐ 0.99401 54.8
4 Standard 10 0.99700 0.99700 ‐ ‐ 0.99401 92.0
5 Z 5 0.99698 0.99995 0.99995 0.96476 0.96176 68.8
6 Z 5 0.99698 0.99995 0.99995 0.97298 0.96996 73.8
7 Z 5 0.99995 0.99995 0.99995 0.99698 0.99684 83.5
8 Z 5 0.99995 0.99995 0.99995 0.99698 0.99683 89.3
9 Z 5 0.99698 0.99995 0.99995 0.98256 0.97950 99.0
10 Z 5 0.99698 0.99995 0.99995 0.98962 0.98654 103
11 X 5 0.99698 0.99995 0.92867 0.99995 0.92578 0
12 X 5 0.99698 0.99995 0.95419 0.99995 0.95122 18.6
13 X 5 0.99698 0.99995 0.98979 0.99995 0.98671 90.8
14 X 5 0.99698 0.99995 0.98923 0.99995 0.98616 91.9
15 X 5 0.99698 0.99995 0.99698 0.99995 0.99388 102
16 X 5 0.99698 0.99995 0.99698 0.99995 0.99388 105
17 X 5 0.996984 0.999950 0.996984 0.999953 0.99388 109
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length for the six-pass (roundtrip) Z configuration and twice the gain length for the four-pass 
(roundtrip) X configuration.  The diffraction loss 9 x 10-4 was assumed in both Z and X 
cases, and again Isat was chosen to match the peak experimental output power.  The need to 
use different saturation intensities to match the peak power in the 10 cm optics case and the 
peak outputs of the Z and X resonators may be related to estimations of the effective gain 
volume or may suggest problems associated with modeling the diffraction loss.  For example, 
the Z resonator data would be better replicated by instead using Isat = 495 W/cm2 and Lg = 
17.5 cm, while the X resonator data would be better replicated by instead using Isat = 495 
W/cm2 and  = 4.0 x 10-4.  The information for the 5 cm mirror standard resonator is identical 
to Fig. 6.3 with a peak power of 54.8 W.  The peak measured output power for 10 cm 
diameter mirrors was 92.0 W.  The Z resonator peak measured power was 102.5 W, and the 
X resonator peak measured power was 109.0 W.  Thus, by using a larger mode volume 
resonator the output power has been improved by 99% (from 54.8 W with the 5 cm optics) 
thereby establishing both that considerably more power was available in the ElectricOIL flow 
and that this power can be extracted as useful laser energy. 
 
6.2. Cav7 Laser Performance 
With the success of Cav6 compared to Cav5, the ElectricOIL team was encouraged to 
build an even larger system, Cav7.  The gain length of this laser is three times that of Cav6 or 
22.9 cm, and Fig. 6.6 contains a schematic of the system.  The top view and side view show 
that the basic components of Cav6 and Cav7 are similar, and the laser resonator options are 
essentially the same as those shown in Fig. 6.1.  While Cav6 was driven with either the 
rectangular cross-section quartz tube discharge or the 6 x 19 mm tubes discharge, the Cav7 
design utilized only the concentric discharge described in Section 3.9.  Three of the 
discharges described in that section feed Cav7 as Fig. 6.6 illustrates. 
 Fig
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output laser power clearly increases substantially more than the three times increase in gain 
length between Cav6 and Cav7. 
 
 
Figure 6.7:  Laser power vs. reflectivity data and Rigrod model for three ElectricOIL 
laser cavities.  The data shown here are for 5 cm diameter mirrors in a standard 
resonator configuration. 
 
 Experience with Cav6 suggested that even more power could be extracted with a 
larger volume resonator due to the gain recovery problem in ElectricOIL, so several more 
experiments were conducted with Cav7 using larger volume resonators than the simple 5 cm 
standard resonator.  These results along with further details regarding the Cav7 configuration 
will be discussed in a subsequent thesis. 
 
6.3. ElectricOIL Scaling Summary 
The discharges that produce the O2(a) for ElectricOIL have evolved as the need for 
higher oxygen flow rates and operation at higher pressures has evolved with the laser 
cavities.  Figure 6.8 shows the power carried by the O2(a) as a function of the input oxygen 
flow rate for each iteration of the transverse capacitive RF discharges.  The pressure for each 
of the experiments is shown on the figure, and the diluent ratio and power loading per 
oxygen flow rate were held constant.  The data point with the concentric discharge tube at 70 
Torr represents an extrapolation from the data in Fig. 3.41.  The other points on the plot were 
acquired using all three concentric discharges simultaneously, but that point is O2(a) power 
data from a single concentric discharge tube multiplied by three.  Other data suggest that this 
105 
 
assumption is reasonable, but the actual data point is 793 W of O2(a) power at 70 Torr.  In 
general, Fig. 6.8 shows that design changes to the discharge have provided linear growth of 
O2(a) power with oxygen flow rate even as the discharge has been forced to operate at higher 
pressures. 
 
 
Figure 6.8:  O2(a) power vs. input 
oxygen flow rate for four different 
discharge configurations.  The pressure 
for each range of data is noted.  The 
flow rate ratio was 1:3.3:0.01, 
O2:He:NO for all cases, and the power 
was 100 W/mmol/s of O2.  The 70 Torr 
case is an extrapolation from the data 
shown in Fig. 3.41 with one concentric 
discharge. 
 
Figure 6.9:  O2(a) yield and O2(a) 
production efficiency vs. input oxygen 
flow rate for the same four discharge 
configurations.  This figure represents 
the same data shown in Fig. 6.8.  The 
efficiency is defined as the power stored 
in O2(a) divided by the RF power. 
 
Figure 6.9 contains the O2(a) yield (closed symbols) and O2(a) production efficiency (open 
symbols) for the data points in Fig. 6.8.  The production efficiency is simply defined as the 
O2(a) power divided by the RF input power for a given case.  At low pressure and flow rate, 
the O2(a) yield is high for the 50 mm clamshell discharge, but the efficiency for that case is 
lower than the others.  The smaller electrode gap discharges have provide nearly constant 
O2(a) yields and production efficiencies for a wide range of flow rates at 40 Torr. 
 The output laser power can also be shown as a function of the input oxygen flow rate 
as Fig. 6.10 illustrates.  The figure contains the highest laser power achieved with each of the 
laser cavity configurations and the approximate date for several of those accomplishments 
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starting with the initial ElectricOIL demonstration of 205 mW in 2004 and concluding with 
nearly 500 W in 2011. 
 
 
Figure 6.10:  Laser power vs. oxygen 
flow rate for cases throughout the 
history of ElectricOIL starting with the 
first demonstration in September of 
2004.  The gain length and approximate 
date are noted for most of the cases. 
 
Figure 6.11:  Laser power vs. the 
product of the gain and gain length for 
various ElectricOIL configurations.  
The gain length is noted for each of the 
data points. 
 
Even more impressive scaling evidence for ElectricOIL is presented in Fig. 6.11 which 
shows the superlinear enhancement of power output with g0L.  The log-log plot contains data 
from various versions of ElectricOIL during the same time span shown in Fig. 6.10.  The 
slope of the line shown in Fig. 6.11 indicates approximately a factor of 30 increase in laser 
power for every factor of 10 increase in goL.  How much further this superlinearity will hold 
as goL increases is uncertain, but the trend is intriguing and can likely be exploited to 
increase ElectricOIL’s output power beyond 500 W. 
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7. Concluding Remarks 
The overall performance of the ElectricOIL device has improved significantly since 
its first demonstration in 2004.  The development has been a result of combining the efforts 
detailed in this thesis with efforts by others in the ElectricOIL group and also other research 
groups working with similar systems.  A summary of the critical experiments discussed in 
this work that led to the nearly 500 W demonstration is provided in this section along with 
suggestions for future studies to continue to improve both the total output power and the 
efficiency of the ElectricOIL system. 
 
7.1. Summary of Completed Work 
While maximizing total laser output power is the ultimate goal for ElectricOIL, many 
specialty diagnostics have been required in order to understand the system beyond the simple 
laser power meter.  In particular, the emission diagnostics which provide a measurement of 
the density of O2(a), O2(b), and oxygen atoms have been critical to understanding the 
discharges that produce O2(a) for the laser.  Many experiments are discussed in which only 
these diagnostics were utilized to study the discharge without the use of iodine and the 
supersonic expansion portion of the system.  During tests with the full laser system, 
measurements were conducted using the using the PSI gain diagnostic to profile the gain 
throughout the supersonic expansion which provided information necessary for selecting 
appropriate laser optics to create the resonator.  Three versions of the laser cavity hardware 
are discussed in this thesis.  The gain path length increased from 5.1 cm to 7.6 cm to 22.9 cm 
for the cavities, and the gain volume available for power extraction also increased in the flow 
direction as the gain length increased. 
The majority of this research focused on creating discharges that could produce 
significant flow rates of relatively high yields of O2(a) resulting in high power carried by the 
O2(a).  In Section 3.1, a brief explanation of electric discharge production of O2(a) is 
provided.  In addition to the data presented in that section, results from a simple time-
dependent model are shown along with calculations from an advanced electric discharge 
model, BLAZE-V.  While not the focus of this work, the effect of NO on the discharge 
production of O2(a) and oxygen atoms is discussed.  A series of experiments were conducted 
to measure the density of ozone downstream of discharge.  Ozone is produced by reactions 
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between oxygen atoms and oxygen molecules, but in all the cases studies, insignificant 
densities of ozone were measured compared to the other species of interest in the post-
discharge flow with NO present.  Several experiments were conducted to quantify the effect 
of helium diluent in the discharge on O2(a) production, and while higher O2(a) yields are 
achievable with higher diluent ratios, the efficiency decreases.  Additional helium flow also 
requires greater pumping capacity for the same pressure in the discharge, so most 
ElectricOIL experiments are conducted at a ratio of 1:3.3, O2:He.  Other experiments focused 
on the discharge itself.  As the pressure in the discharge increases, effective O2(a) production 
requires the electrode gap of the discharge to decrease, and many experiments explored that 
parameter.  In addition to simply decreasing the electrode gap, several discharge geometries 
were studied.  After several attempts with two different materials (quartz and alumina), 
rectangular cross-section discharge tubes were abandoned for a concentric discharge tube 
design with high voltage applied around the outer tube and the inner electrode grounded.  
The configuration that produced the highest O2(a) yields involved a high power density 
discharge upstream of a lower power density discharge (having higher total power) on an 11 
mm electrode gap concentric discharge tube. 
A related test series investigated whether an ElectricOIL type laser could be produced 
using a mixture of air and helium in the discharge.  Two discharge types were attempted 
during these tests.  A pulser-sustainer discharge and an RF discharge both created O2(a) from 
those primary gases, but the RF discharge produced higher yields.  After several discharge-
only tests, iodine was added to the system resulting in a gain of 0.0062 %/cm and laser power 
of 32 mW.  Substantially more RF power was required to produce a given amount of O2(a) in 
these tests compared to a discharge with only oxygen and helium, and this significantly-
reduced efficiency makes the air-helium discharge ElectricOIL tests less interesting for high 
power applications. 
Many ElectricOIL lasing tests produced results that were inconsistent with the 
amount of power carried by the O2(a) as the iodine pumping kinetics suggested that more 
power should be transferred to the iodine and subsequently extracted by the resonator.  The 
gain downstream of an active laser resonator was measured in several ElectricOIL 
configurations, and the I* was shown to be pumped slower than anticipated.  An unknown 
competing reaction to the energy transfer between O2(a) and iodine has been suggested as a 
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possible explanation.  In the experiments, the gain does recover to the expected equilibrium 
value eventually, so this reaction is referred to as participating in a reversible manner rather 
than quenching as significant energy does not appear to be removed from the system.  
Another excited state, which is near resonant with I* and O2(a), and its ground state could 
explain the slow gain recovery.  A simple model is presented to illustrate this possibility by 
determining rates for this unknown reaction by matching the model to the gain recovery data.  
Increasing the volume of the laser resonator appears to provide a reasonable solution to this 
problem as sufficient time can be provided to transfer more of the available energy from 
O2(a) to I*. 
Raising the output power will ultimately provide the best chance for ElectricOIL to 
become a useful device, and initial results of scaling experiments are also presented.  
Experiments with Cav6 demonstrated that the problem of gain recovery could be partially 
overcome by increasing the resonator volume to extract more laser power while also 
illustrating the benefits of longer gain length compared to Cav5.  Laser power experiments 
using Cav7 with its 22.9 cm gain length are discussed, and a maximum power of slightly 
under 500 W was measured.  Three concentric discharge tubes feed O2(a) to Cav7, and 
experiments with those discharges have demonstrated almost 2500 W of power in the O2(a) 
state for flow rates that are higher than those used in the laser power experiments.  This 
section concludes with plots showing the remarkable progress of ElectricOIL during the past 
several years as a function of both increasing the oxygen flow and the product of gain and 
gain length. 
 
7.2. Recommendations for Future ElectricOIL Studies 
Future ElectricOIL testing should begin with improving the existing Cav7 system.  
The highest gain measured in Cav6 was 20% higher than the best gain achieved in Cav7.  
Understanding the differences and increasing the Cav7 gain could lead to immediate output 
power improvements.  The RF discharge power supplies utilized during the Cav7 
experiments had interference issues when all six discharge units were running simultaneously 
which likely inhibited the O2(a) yield.  A system to more efficiently couple the RF power 
into the plasma will be necessary to improve the laser power.  Furthermore, a Z resonator 
extracted the highest laser power from Cav6, so more Z resonator configurations should be 
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tested with Cav7.  These options could significantly increase the laser power performance of 
Cav7. 
Additional gain recovery experiments should also be performed to further the 
understanding of this potential competing mechanism.  The only gain recovery measurements 
in Cav7 were conducted far downstream of the resonator, and determining the initial slope of 
the gain recovery in Cav7 would be appealing.  Moreover, gain recovery measurements in a 
classic COIL device would be extremely interesting in order to confirm that this problem is 
strictly related to the discharge production of O2(a) or element specific to the ElectricOIL 
system.  If candidates for the unknown competing reaction are identified, then efforts could 
also be made to observe them spectroscopically and confirm their existence.  Increased 
understanding of the gain recovery problem will likely provide new ideas for its mitigation. 
Iodine predissociation may also play a critical role in the future of ElectricOIL.  If a 
stream of pure iodine atoms could be injected and mixed with the O2(a), significant losses 
could be reduced.  Currently, O2(a) is likely lost in the dissociation process either because it 
is directly involved or because oxygen atoms are required to dissociate the iodine.  While the 
oxygen atoms rapidly dissociate I2, they also deactivate both O2(a) and I*.  If oxygen atoms 
were unnecessary in the system, they could potentially be suppressed in the discharge leading 
to higher O2(a) yields.  Mercury oxide coatings have been suggested for this purpose [7.1].  
Experiments with electric discharge iodine dissociation have been successful at dissociating 
iodine although overall laser performance has yet to be significantly improved [7.2, 7.3].  
Future versions of ElectricOIL should continue to consider iodine predissociation to improve 
performance. 
Another source of ElectricOIL improvement could come from enhanced O2(a) 
production from a catalytic surface.  Lee et al. at Physical Sciences Inc. (PSI) have 
demonstrated significant improvements in O2(a) yield under certain conditions that involve 
the gases flowing out of the discharge and past surfaces covered in an iodine-based coating 
[7.4].  The catalytic surface reaction has not yet been demonstrated in a lasing ElectricOIL 
system, but researchers at PSI demonstrated a 60% rise in gain in their microwave driven 
system [7.5]. 
Room for improvement exists in the design of the RF discharge for O2(a) production 
and its efficiency.  Even if the O2(a) yield cannot be raised beyond the current levels, the 
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discharge operating pressure can still be increased to allow higher primary flow rates without 
increasing the pumping capacity of the system.  Other geometries could be explored for 
reducing the electrode gap of the discharge, and new materials could be considered as well.  
Many of these types of discharge-only (without the laser cavity) studies could best be 
performed on a subscale system in order to reduce the cost and then a new discharge design 
could be implemented based on those results for use with the laser cavity.  All of these 
suggestions for future ElectricOIL studies, especially those that improve the discharge, have 
the potential to drastically improve the performance and continue the extraordinary growth of 
the ElectricOIL system. 
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